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PREFACE 

TO THE SEVEINTH EDITION. 



Tt has been found necessary to still further subdivide this 
wide and all-important subject of Advanced acpplied Mechanics 
and Mechanical Engineering. 

In order to do so with the least departure and derange- 
ment of the previous volumes and editions, it has been 
advisable and convenient to follow the recent subdivision of 
this subject as stated in the "Rules and Syllabus of Exam- 
inations applying to the Election of Associate Members of 
The Institution of Civil Engineers." 

Moreover, this particular method of subdivision is practised 
by several Universities and Technical Colleges. It is also 
being advocated by Teachers in connection with the Boards 
of Education, and, to a certain extent, by those connected with 
the City and Guilds of London Examinations in Mechanical 
Engineering. 

Consequently, Volume I. will deal with "Applied Mechanics" 
proper. Volume II. will discuss and give practical illustrations 
of "Strength and Elasticity of Materials," Volume III. will 
be confined to "The Theory of Structures," Volume IV. to 
"Hydraulics, Hydraulic and Refrigerating Machinery,'' whilst 
Volume V. will be greatly enlarged, and treat upon "The 
Theory of Machine-s." 



VI PREFACE. 

Separate Contents and Index have been carefully arranged 
for each Volume. These enable students to find the details 
and pages where the different subjects are treated. The 
Author's system of Engineering Symbols, Abbreviations, and 
Index Letters have been printed at the beginning of each 
Tolume. 

It is thus hoped, that the size and cost of each volume 
will suit the requirements of every Student of Engineering. 

The Author has again to thank his chief assistant, Mr 
John Ramsay, A.M.Inst.C.E., for his help, and his Publishers 
for the special care with which they have prepared these five 
volumes. The Author is specially indebted to Professor 
Alexander MacLay, B.Sc, C.E., and the Technical Publishing 
Company, Ltd., Manchester, for permission to. abstract certain 
parts and figures from his excellent book on " Loci in 
iMechanical Drawing, including Point Paths in Mechanisms." 
These additions appear in Vol. V. upon the " Theory of 
Machines," along with the new Lectures dealing with the 
" Kinematics of Machinery." 

The Author will feel much obliged to Engineers, Teachers, 
his B.Sc. and C.E. "Correspondence Students," also to any 
other Students of Engineering, for hints which may tend 
to further enhance the attractiveness and usefulness of these 
works. 

ANDREW JAMIESON. 



CoTisultvng Engineer and Electrician. 

16 RossLY.s Terrace, Kelvinsidb, 

Gi.ASGOW, September, 1909. 



INSTRUCTIONS FOR ANSWERING HOME EXERCISES. 

{As used in my Engineering and Electrical Science Correspondence System.) 



1. Use ordinary foolscap paper, and write on the left side only, leaving 
the facing page blank for my corrections and remarks. 

2. Put the date of the Exeroiaea at the left-hand top corner; your Name 
and Address in full, the name of the Subject or Section, aa well as number 
of Lecture or Exercise, in the centre of the first page. The number of 
each page should be put in the right-hand top corner. 

3. Leave a" margin IJ inches wide on the left-hand side of each page, 
and in this margin place the number of the question and nothing more. 
Also, leave a clear space of at least 2 inches deep between your answers. 

4. Be sure you understand exactly what the question requires you to 
answer, then give all it requires, but no more. If unable to fully answer 
any question, write down your own best attempt and state your difficulties. 

5. Make your answers concise, clear, and exact, and always accompany 
them, if possible, by an illustraiive sketch. Try to give (1) Side View, 
(2) Flan, (3) End View. Where asked, or advisable, give Sections, or 
Half Outside Views and Half-Sections for (1), (2), and (3). 

6. Make all sketches large, open, and in the centre of the page. Do not 
crowd any writing about them. Simply print sizes and index letters (or 
names of parts), with a bold Sub-heading of what each figure or set of 
figures represent. 

7. The character of the sketches will be carefully considered in awarding 
marks to the several answers. Neat sketches and " index letters," having 
the first letter of the name of the part, will always receive more marks 
than a bare written description. 

8. All students are strongly recommended to first thoroughly study the 
Lecture, second to work out each answer in scroll, and third to compare it 
with the question and the text-book in order to see that each item has 
been answered. The final copy should be done without any aid or 
reference to the scroll copy or to any text-book. This acts as the Ijest 
preparation for sitting at Examinations. 

9. Reasonable and easily intelligible contractions (e.g., mathematical, 
mechanical or electrical, and chemical symbols) are permitted. 

10. Each corrected answer which has the symbols R. W. marked there- 
upon must be carefully re-worked as OTie of the set of answers for the 

following week. 

ANDREW JAMIESON. 

16 ROSSLYN Tekraoe, KELVINSIDE, GlASOOW. 
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Op Professor Jamieson's "Applied Mechanics.'' 



Prefatory Note. — It is very tantalising, as well as a great 
inconvenience to Students and Engineers, to find so many 
different symbol letters and terms used for denoting one and 
the same thing by various writers on mechanics. It is a pity, 
that British Civil and Mechanical Engineers have not as yet 
standa/rdised their symbols and nomenclature as Chemists and 
Electrical Engineers have done. The Committee on Notation 
of the Chamber of Delegates to the International Electrical 
Congress, which met at Chicago in 1893, recommended a set 
of " Symbols for Physical Quantities and Abbreviations for 
Units," which have ever since been (almost) universally adopted 
throughout the world by Electricians.* This at once enables 
the results of certain new or corroborative investigations and 
formulae, which may have been made and printed anywhere, 
to be clearly understood anywhere else, without having to 
specially interpret the precise meaning of each symbol letter. 

In the following list of symbols, abbreviations and index 
letters, the first letter of the chief noun or most important 
word has been used to indicate the same. Where it appeared 
necessary, the fi/rst letter or letters of the adjectival substantive 
or qualifying words have been added, either as a following or 
as a subscript or suffix letter or letters. For certain specific 
quantities, ratios, coefficients and angles, small Greek letters 
have been used, and I have added to this list the complete 
Greek alphabet, since it may be refreshing to the memory of 
some to again see and read the names of these letters, which 
were no doubt quite familiar to them when at school. 

* These " Symbols for Physical Quantities and Abbreviations for Units" 
will be found printed in full in the form of a table at the commencement 
of Munro and Jamieson's Pocket-Book of MectriccU Rides amd Tables. If 
a similar recommendation were authorised by a committee composed of 
delegates from the chief Engineering Institutions, it would be gladly 
adopted by "The Profession" in the same way that the present work of 
" The Engineering Standards Committee" is being accepted. 



SYMBOLS, ETC. 



Tablb 01' Mechanical Engineering Quantities, Symbols, Units 
and their abbreviations. 



(As used in Vols. I 


. to V. of Prof. Jamieson' 


8 ''Applied Mechanici 


.") 


Quantities. 


Symbols. 


Defining 
Equations. 


Practical Units. 


Abbrevia- 
tions of the 
Practical 
Units. 


Fundamental. 






(Yard, . 


yd. 


Length, . 


L,l 


... 


^Foot, . 
(inch, . 


ft. 
in. 


Mass, 


M, m 


... 


Pound, . 
Second, 


lb. 

s. 


Time, . 


T,t 


• •• 


Minute, 
Hour, . 


m. 

h. 


Geometric. 










Surface, . 


S,s 


S = I? 


/ Square foot, . 
\ Square inch, . 


sq. ft. 
sq. in. 


Volume, . 


V 


V^U 


j Cubic foot, . 
\ Cubic inch, . 
/Degree, 
Minute, 


cb. ft. 
cb. in. 
1° 
1' 


Angle, ^^ . 


\9,<I>I 


arc 


J Second, 

1 „ ,. 180° 


1" 


radius 








1 Radian = 


rn. 


Mechanical. 






\ 




Velocity, 


V 


L 


Foot per second, . 






V e 
" = 1 = 1 


( Bevs. per second, . 


r.p.s. 


Angular velocity, . 


w 


Revs, per minute. 


r.p.m. 


■ 




Radians per second, 


to 

ft. 

s^ 


Acceleration, . 


a, 9 


V 


Footper sec. per sec. 


f 






( Pound weight 


lb. wt. 




^,f 




< (gravitational 


(or lb. ) 


Force, . . .-l 






( unit). 






W,w 


F= Ma 


/ Poundal (absolute"! 


pdl. 


Pressure (per unit \ 
area), / 


P 


F 
P = 7 


Pound per sq. inch. 


lb. p" 


Work, . 


iWh) 


Wh = FL 


Foot-pound, . 


ft. -lb. 


Potential energy, . 


E, 


Ep= Wh 


Foot-pound, . 


ft. -lb. 


Kinetic energy. 


E^ 




Foot-pound, . 


ft. -lb. 






f Horse power. 


H.P. 


Power or activity, . 


KP 


H.P, = ^ 


< Ft. -lb. per min., . 


ft.-lb./m. 






( Ft. -lb. per sec, . 


ft.-lb./s. 


Moment of inertia, . 


/ 


I=Mlfi 




lb.-ft.2 






M 


( Pound per cb. ft., . 


lb. 

ft. 2 


Density, . 


P 


p=r 


•< 


lb. 






/ Pound per cb. in,,. 


in.^" 



SYMBOLS, ETC. 



OTHER SYMBOLS AND ABBREVIATIONS IN VOLS. I. TO V. 



A for 

B,6 „ 

C, c, h „ 

o.g- ■. 

D.d „ 

I>1.D2,D3 „ 

E „ 



H,A „ 

H.P.,h.p. „ 

B.H.P. „ 

E.H.P. „ 

LH.P. „ 



N, n„ 



P. Q ,, 

K1R2 ,> 



SP 
TM 
TR 
BM 
MR 
RM 
T(i) T, 



Areas. 

Breadths. 

Constants, ratios. 

Centre of gravity. 

Diameters depths, de- 
flections. 

Drivers in gearing. 

Modulus of elasticity. 

Velocity ratio in wheel 
gearing. 

Followers in gearing. 

Forces of shear and 
tension. 

Heights, heads. 

Horse-power. 

Brake horse-power. 

Effective ,, 

Indicated ,, 

Radius of gyration, or, 
Coef . of discharge in 
hydraulics. 

Numbers — e.g., num- 
ber of revs, per min. , 
number of teeth, &c. 

Push or pull forces. 

Reactions, resultants, 
radii, resistances. 

I Seconds, space, sur- 
face. 
Displacement, dis - 
tance. 
Shearing force. 
Torsional moment. 
Torsional resistance. 
Bending moment. 
Moment of resistance. 
Resisting moment. 
Tensions on driving 
and slack sides of 
belts or ropes, &c. 
Lost, total, and useful 
work. 



X, y, z for Unknown quantities. 
Z ,, Modulus of section. 
Ze ,, ,, tension. 

Zo „ ,, compression. 



A, S, d for Differential signs which are 
prefixed to another letter; 
then the two together re- 
present a very small 
quantity. 
t, e ,, Represents base of Naperian 
Logs = 2'7182; for example, 
log. 3 = 1-1. 

1 ,, Efficiency. 

X „ Length ratio of ship to model. 

;i ,, Coefficient of friction. 

IT „ Circumference of a circle -r its 
diameter. 

P ,, Radius of curvature, radian. 



'S for Symbol for sum total of a 
number of quantities. 

r^ „ Sign of integration or sum- 
mation between limits 
and X. 

^^ ,, Sign for the difference be- 
tween two quantities. 
o ,, Sign for square — e.g.,\Oa"= 
10 square inches. 

— , , Sign over two letters, P Q, 
for a force acting from P 
to — > Q, means that they 
represent a vector quantity, 
which has (1) magnitude, 
(2) direction, (3) sense. 

^ ,, Sign for equal to or greater 
than. 

\ ,, Sign for equal to or less than. 
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GREEK ALPHABET. 

Alpha. I 1 Iota. P p Rho. 
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Gramma. A X Lamoda T x Tau. 

Delta. M li Mu Y u CTpsilon, 

Epsilon. N 1/ Nu * Phi. 

Zeta. B £ Xi. X x Chi. 

Eta. O o Omicron. * </> Psi. 

Theta. n ir Pi. Q u OmSga, 
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THEORY OF STRUCTURES AND GRAPHIC STATICS, 
WITH APPLICATIONS TO ROOFS, CRANES, BEAMS, 
GIRDERS, AND BRIDGES. 



LECTURE I. 

Contents. — Graphic Statics — A Framed Structure — Classification of 
Frames — Firm Frames — Deficient Frames — Redundant Frames— Con- 
ditions of Equilibrium — Bow's Method of Lettering — Solution of a 
Triangular Frame — Reciprocal Figure for a Joint — Definition of a 
Strut—Definition of a, Tie — Stress Diagram — Determination of the 
Kind of Stress in a Bar — Firm Quadrilateral Frame — Firm Tri- 
angular Frame — Firm Frame — Firm Frame with Mansard Outline — 
Questions. 

Graphic Statics is the Science and Art of determining by scale 
drawings the total stresses in the various parts of a structure. 
The forces transmitted through each part of a structure may be 
ascertained either by calculation or by graphical construction. 
The former method is extremely tedious, except in very simple 
cases, whereas the latter is not only rapid, but also affords a 
self-evident means of checking the accuracy of the solution. 

Definition. — A Framed Structure consists of an assemblage 
of rigid bars, so arranged, that the stresses in them are principally 
push or puU and by the use of which, external forces may be 
transmitted or modified. 

A structure is different from a machine in so far as, the 
former transmits force while the latter transmits energy. This 
means that the parts of a structure are assumed to be at rest 
while those of a machine must be in motion. 

In this section we assume, unless otherwise stated : — 

(1) That the point of crossing of two or more bars is a friction- 
less joint, and that the external forces act only on the joints of 
the frame. 

(2) That all the members, bars, or links are able to withstand 
either push or pull, and are consequently termed "rigid bars." 

(3) That each bar is incapable of being appreciably deformed 
under the action of the stress it may have to carry. 

For the complete specification of a force, we must know the 
following four elements : — 
3 
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(1) The point or place of application. 

(2) The line of action — i.e.,th.e line along which the force is acting. 

i3) The direction or way the force acts along its line of action. 
4) The magnitude — i.e., the number of units of force. 
Classification of Frames. — (1) Firm Frames are those which 
have ju8t sufficient bars to preveht change of shape, and any 
bar may therefore be lengthened or shortened without stress- 
ing any of the other members. 

(2) Deficient Frames are those which have not sufficient bars 
to prevent deformation, and the joints must therefore be 
made stiff in order to resist change of form. 

(3) Redundant Frames are those which have more bars than 
are necessary to resist distortion. In frames of this kind we 
cannot alter the length of certain bars without stressing one or 
more of the other members. Further, the frame may be self 
stressed if the redundant bars be badly iitted, and the stresses 
in the various members are indeterminate unless their yield- 
ingnesB be taken into account. 

Conditions of Equilibnnm. — There must be no translation. 
This is assured if the diagram of external forces is a closed 
polygon. In other words, their " Vector Sum" must = 0.* 

There must be no rotation. This is satisfied if: — 

(1) The external forces have no resultant movement round 
any point that may be chosen. 

(2) The line of action of the resultant of all except two of 
the forces passes through the point of intersection of the lines 
of action of these two forces. 

If a number of external forces act upon a structure and keep 
it at rest, and, if we have to determine graphically the relations 
among these external forces, we must know at least : — 

Either. — All the elements of all the forces except one and 
nothing about that one. 

Or. — All the elements of all the forces except two, and about 
one of these two its line of action. About the other, one point 
in its line of action. 

In the former case, we determine the resultant of all the given 
external forces by any method, and the last or balancing force 
(that is, the one we know nothing about) has (1) its point of 
application anywhere in the line of action of the resultant, (2) its 
line of action coincident with the line of action of the resultant, 

i3) its direction or way opposite to that of the resultant, and 
4) its magnitude is the same as that of the resultant. 
The second case will be clear by a reference to Fig. 1. 
B A is the resultant of the external forces, 1.2.3...(n- 2), 
acting on the body or frame. D is the line of action of the 

*See the note at the end of this Lecture for a definition of Scalar, 
Vector, and Rotor. — A.J. 
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(n - l)* force, and E the point chosen as a point in the line of 
action of the n"' force. 

// three forces act upon a body and keep it at rest thsir lines of 
action must all pass through one point. Thereby, the line of 
action F E, of the n"* force may be determined, since it must 
pass through O the point of intersection of B A with D 0. Then 
by an application of the triangle of forces the magnitudes and 
ways or directions of the (n— 1)* and n* forces may be deter- 
mined. 

Bow's Method of Lettering. — In Pig. 2 we have an example 
of Bow's method of lettering a system of forces. It will be seen 



i.2-3"-(n-Z) 





Pig. 1. — Relation amonq External 

FOKCES. 



Fig. 2. — Illustration op Bow's 
Method of Lettering. 



that every force has one letter on each side of its line of 
action. This is in order to name the force. Thus, we speak of 
the forces A B, B C, D, D E, and E F. Again, each letter has 
been used twice, excepting A and R This would indicate that 
one force was awanting or required to be determined : — viz., 
the force A F. This force may be the resultant or the equi- 
librant as the case may be ; or, if on drawing the polygon of 
forces, F coincides with A (that is, the magnitude of F A is 
zero), then the system is in translationary equilibrium. 

In Fig. 3, we have the forces acting at the joints of the 
triangular frame X Y Z, named by Bow's method. 

The forces which keep in equilibrium the joints X, Y, and Z, 
are: — 

For the joint X — 

The force B C (all the elements of which are known). 
The action of the stress * C D ; and, 
The action of the stress D B. 

• As is usual, in treatises on this subject, the word tlress, throughout 
Vol. III. , means the total force transmitted by the bar, and not the force 
per unit of cross area. 
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For the joint Z — 

The action of the stress B D ; 
The action of the stress D A ; and. 
The supporting force A B. 

And for the joint Y — 

The action of the stress A D ; 
The action of the stress D C ; and, 
The supporting force Q A. 

The supporting force C A, has been represented by a curved 
dotted line to indicate that all we know about it is, its point 
of application. 

The point X might be called the joint BOD; the point Y 
the joint CAD; and the point Z the joint A B D, since the 
letters naming a joint have been used to name the forces acting 
at that joint. 

In Fig. 3, we have used the letters A, B, and C each four 
times and the letter D six times. In practice, this is avoided 
by lettering, as indicated in Fig. 4. Then the forces and bars 
will have the same names as before. Success in graphic solu- 




Fig. 3.— Bow's Method of Letter- 
ing A TRIAN0UI.AB FkAME. 



i 4. — Bow's Mbthos in 
Pbactice. 



tions depends in a great measure on correct lettering, and on 
correct assumptions having been made, first, with regard to the 
total number of external forces that act on the frame, and 
second, with regard to what is known about the various 
elements of these external forces. 

One great advantage of the Graphic Method of Solution is, 
that our attention is always being directed to the correctness of 
any assumptions that have been made. If the Stress Diagram 



SOLUTION OF A TEIANGULAR FRAME. 

closes, we may safely consider the solution to be correct for 
the assumptions made ; but, if it does not, some assumption is 
wrong or something has been left out. 

Correct lettering is accomplished when every external force and 
every ha/r has one letter and only one on each side of it. 

All the external forces must be applied at the joints 0/ the frame, 
but if way should act at a point other than the end of a bar, then 
two equivalent parallel forces must be applied to the member under 
consideration, one at each end. By equivalent parallel forces is 
meant two forces which, applied as stated, would have the given 
force as thehr resultant. 

The lines of action of the external forces must not fall inside the 
frame, but mi*st be drawn outside, as in Fig. 4- 




Fig. S, — Sketch of Fbamb. 



Pig. 6. — Fbame Diagram. 



Solution of a Triangular Frame. — Given, the triangular frame 
xbc, and the force P, completely specified as follows, viz. : — 

Its point of application, b ; 
Its line of action, d b ; 

Its way or direction from d towards b ; and. 
Its magnitude, P lbs. Also, 

The line of action of one of the supporting forces, a e. 
And finally, a point c, in the line of action of the other 
supporting force. 
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It is required to find the remaining elements of the supporting 
forces, also the magnitudes and kind of stresses in the bars. 

We begin by drawing the Frame Diagram (Fig. 6) to scale. 
This scale should be as large as possible, say, in this case, 
i inch representing 1 foot. Then letter the Frame Diagram by 
Bow's method. Now, let the lines of action of the forces A B 
and B 0, on being produced meet in O. Then for no rotation, 
the line of action of the other supporting force C A (as indi- 
cated by the chain dotted line) must pass through O, and also 
through the joint D C A, as given. Thus the line of action of 
the force C A is determined. 

For no trcmslation, the triangle of forces is applied, and will 
give the magnitudes and ways of the supporting forces, as 
indicated by Fig. 7. The scale used should be as large as 
convenient, say 1 inch representing 40 lbs. 





Fig. 7. — Diagram fob 

EXTEBNAL FOBCBS. 



Fig. 8. — Reciprocal FiouRii 
FOB- Joint BCD 



Definition. — If from a point, a ntunber of lines radiate, and 
if a polygon be drawn which has its sides either all parallel to, or 
all at right angles to corresponding radiating lines, then this 
Polygon is called the Reciprocal of the Point. 

Thus, the triangle B C A, Fig. 7, may be called the reciprocal 
of the point B A C or O, in Fig. 6. 

We can now draw the reciprocal figure for any one of the 
joints of the triangular frame. Because, we know all about the 
external forces acting at each of these joints ; and further, not 
more than two bars meet at each joint. 

If more than two bars meet at a joint, then we must know, in 
addition to all the external forces acting at that joint, the stresses 
in all the bars except two, before the reciprocal can be draum. 
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Fig. 8 is the reciprocal figure for the joint BCD. It is drawn 
to the same scale and in exactly the same manner as Fig. 7, 
viz. : — B parallel and equal to the external force B ; D 
parallel to the bar C D ; and D B parallel to the bar D B. 

The length of the lines CD and B D, in Fig. 8 (measured to 
the same scale as that used for B 0) determine the magnitudes 
of two forces which, acting in conjunction with the external 
force B C, would keep the joint BCD, at rest. The two forces 
C D and D B, are the actions on the joint of the stresses in the 
bars C D and D B, and therefore measure the magnitudes of the 
stresses in these bars. The arrow-heads give the ways or direc- 
tions along the line of centres of the bars of the actions C D 
and D B. 

Figs. 9 and 10 are drawn to the same scale and in the same 
way as Fig. 8, and represent the reciprocals for the joints B D A 
and ADC respectively. 

From Figs. 9 and 10 we get similar information regarding the 
bars A D and D B, and their actions on the joint DBA, and the 
bars D and D A, and their actions on the joint A D 0, to that 
derived from Fig. 8 regarding the joint BCD. 

In the reciprocal figure for the joint BOD, Fig. 8, the way 





C 



Fig. 9. —Reciprocal fob Fig. 10.— Reciprocal for 

Joint B D A. Joint ADC. 

of the action on the joint BCD, of the stress in the bar C D, is 
towards the left and upwards, while in Fig. 10 the way of the 
action of the stress in the same bar on the joint ADC, is 
towards the right and downwards. 

We will now explain the cause of this apparent contradiction 
in the two reciprocals. The reciprocal for the joint BOD, shows 
that the way of the action on the joint BOD, of the stress in 
the bar D 0, is towards the pin B C D — that is, pushing it. 
(This is indicated in Fig. 11 by the small arrow.) Then from 
I^ewton's third law the pin BOD, must push the bar with an 
equal and opposite force. 
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.Pin BCD 




PinCAD.- 



Fig. 11.— The Bar C T>. 



If the bar D C pushes the pin B C D, it must also push the 
pin OAD. Por this reason, that no bar can simultaneous!)' 
push a pin at one end of itself and pull one at its other end. 
This is what the reciprocal for the joint ADC, indicates. 

Definition op a Strut. — When the reciprocal, for a joint 
indicates that the way of 
the action of the stress in 
a bar is towards the joint, 
then that bar is under 
compression and is called 
a strut. 

On reference to the re- 
ciprocals for the joints 
B D A and A D 0, it will 
be seen that the bar D A, 
is pulling at the pins 
BDA and ADO. But, 
by the action and reaction 
law, the pins will pull at 
the ends of the bar, and this means that the bar D A, is under 
tensional stress of an amount measured by the length of the 
line D A, in the reciprocal figures. 

Definition of a Tie; — When the reciprocal for a joint indicates 
that the way of the action of the stress in a bar is away from the 
joint, then that bar is under tension, and is called a tie. 

In Fig. 12, the reciprocals for the three joints of the frame 
and the one for the point O, have been combined into one 
diagram, which may be called either 

the Stress Diagram or the reciprocal ^B 

of the Frame Diagram. 

Definition. — Two figures are re- 
ciprocal when every point in the one 
has a corresponding reciprocal in the 
other. 

For example, the point C, in Fig. 12 
has the lines D 0, A 0, and B C, meet- 
ing in it. If we refer to the Frame 
Diagram, Fig. 6, we find that, the bar 
D, the force B C, and the force A 0, 
form the reciprocal for this point 
in Fig. 12, 

We do not put arrow heads on 
the Stress Diagrams; they would lead 
to confusion, and are quite unneces- 




Fig. 12. — Combination of 

THE ReOIFF.OCALS, OB 

Stbess Diaobam. 
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sary. Take, for example, the line AD, Fig. 12, from the recip- 
rocal of the joint A B D, we would require an arrow head 
pointing from D towards A ; while, from the reciprocal of the 
joint ADC, an arrow head would require to point the other 
way. (The double arrow on the line A D, points to the fact that 
a stress has no way.) 

It will have been observed : — 

(1) That when Figs. 7, 8, and 9 have been drawn they give 
all the information that was intended to be derived from drawing 
Fig. 10 — viz.. Fig. 8 gave the magnitude of D, and Pig. 9 that 
of DA. 

(2) That when we place the reciprocal for the joint A B D, on 
the reciprocal for the point O, as in Fig. 12, we have only to 
join D to in order to complete the diagram. 

These two observations point out that we have too much 
information ; the excess is due to the finding of the point O. 
This frame is one of a class where we may find the stresses without 
first finding all the elements of the reactions or supporting forces. 

Stress Diagram. — We shall now show how to determine the 
Stress Diagram direct from the Frame Diagram — i.e., without 
first finding the reciprocals for the joints, and combining them 
into one. 

.It is quite immaterial as to which way we go round a structure 
— i.e. (referring to Fig. 6), whether we go from A to B and then 
to C, or the other way round. We shall find it to be an advan- 
tage to go round every structure in the same way as the hands 
of a watch. By doing so we shall find that the Stress Diagram 
will always lie to the left hand of the external force polygon. 
This will enable us to know where to begin the external force 
polygon in order to leave room for the Stress Diagram. 

JReferring to Fig. 6, where we are not supposed to know 
either the point 0, or the line of action of the force C A, let 
us plot out therefrom the Stress Diagram, Fig. 12. 

(1) Draw BC, in Fig. 12, parallel to the line of action of the 
external force B C in the Frame Diagram, Fig. 6, and containing 
100 units, to some convenient scale, say 1 inch to represent 
40 lbs. The correct lettering of this line is a very important 
part of the work. Since we are going round the frame in the 
direction of the hands of a watch — that is, from B to C — then B 
must be put at the top end and C at the bottom end of the 
line just drawn so as to indicate the way of the force correctly. 
If this point is attended to, little trouble will be experienced in 
drawing the diagrams. 

(2) Draw from the last point found (viz., C) a line parallel to 
some force or bar which has C as one of the letters for its name; 
for example C D. 
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(3) Draw from the other end B of the line B 0, a line parallel 
to the bar B D, and mark the point of crossing of the two lines D. 

(4) Through D, the last point determined, draw D A parallel 
to the bar D A, and from some of the other points found draw a 
line parallel to a force whose line of action is known. Now, 
C A cannot be used because we only know its point of applica- 
tion, but we know the line of action of BA. Then drawing 
from B, in Fig. 12, a line parallel to the line of action of the 
supporting force A B, we determine the point A, 

(5) On joining C with A we obtain a line parallel to the line 
of action of the supporting force C A, and the length of this line, 
C A, measures the magnitude of the force. 

(6) Measuring the lines in Fig. 12 with the scale used to draw 
down the line B C, we obtain the magnitudes of the stresses in 
all the bars and of the two supporting forces. 

How to Detennine the kind of Stress in a Bar. — We will begin 
with the consideration of the forces which act on the left-hand 
joint — viz., the joint B D A, in Fig. 12. 

Success in this part of the work depends almost entirely upon 
giving to each bar meeting in the joint under consideration its 
proper name — i.e., by letters in their proper order. 

Since toe have gone rownd the external forces in d/rawiug the 
Stress Diagram from B to G, <fcc. — that is, in the direction of the 
hands of a watch — we must go round eaoh joint of the sVructwre 
in the saine way when nrnnimg the bars meeting in that joint. 

The bars meeting in the joint B D A, would therefore be 
called, the bar B D, the bar D A, and the supporting force or 
reaction A B. Having thus determined the name of the bar, 
we then refer to the Stress Diagram in order to find the way 
in which the stress in that bar acts with regard to the joint. 

Take for example the horizontal member in the Frame 
Diagram, Fig. 13 (this member is called the tie rod or tie 
beam, since it ties the lower ends of the rafters together), its 
name with reference to the joint B D A, is DA. Now, in the 
Stress Diagram D is on the left of A, and, therefore, the stress 
in the bar D A, acts from left to right (i.e., from D to A) with 
respect to the pin at the joint B D A. This means that the 
bar D A, is pulling at the . pin B D A, and therefore the pin 
B D A, pulls at the bar, thereby putting the bar into tension. 

Similarly the stress in the bar B D (called a rafter) acts, so 
far as the joint B D A is concerned, in the direction indicated 
by B D in the Stress Diagram — that is, from B to D. The bar 
B D, is therefore pushing at the joint B D A, and is thus put 
into compression by the reaction of the pin B D A. 

Rule to Dbterminb the Kind of Stress in a Bak. — Take 
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the letters on each side of the Bar in the Frame Diagram, in 
the same order with respect to the joint on which the Bar acts, 
as we have taken the letters on each side of the External Forces 
acting on the Frame. Then along the line in the Stress 
Diagram, which is named after the Bar, from the first letter 



Pin 9CD 



fin BOA 




Pin AOC 



Stress Diaokam. 
Fig. 13.— Stress Actioit on Pins. 

towards the second, gives the way of the stress' action with 
respect to the joint nnder consideration. If the way is towards 
the joint the stress in the Bar is Compression or Fash, and the 
Bar is called a Stmt. If the way is away from the joint the 
stress is a Tension or Full, and the Bar is called a Tie. 
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The above rule may also be apjjlied to a point in a bar. Take 
for example, the point E, in the tie rod, and suppose we want to 
find how the left-hand portion of the tie rod acts upon the 
section at E. Then the name of the left-hand portion of the 
tie rod with respect to E is A D, and from the Stress Diagram this 
acts from right to left — that is, away from E — and is therefore 
pulling at the section. 



2 ton 




Jt-4 tons \v 



Via. 14a. — Fkame Diagram. 
Frame Solvable without knowing all about Reactions. 

Notice that the tie rod, with respect to 
the left-hand joint, is called D A, and with 
respect to the right-hand joint would be 
called A D, and similarly with any other 
bar in the frame. 

The above rule for the kind of stress 
does away with the use of arrow-heads 
and of supplementary diagrams. 

The action of all the bars on the pins 
of the frame are shown in the small dia- 
grams surrounding the Frame Diagram of 
Pig. 13. 

Firm Quadrilateral Frame. — This frame 
is one of a type which allows a solution to 
be found without having first determined 
all the elements of the reactions. 

We shall assume that the right-hand 
end rests on rollers, as indicated in Fig. 1 ia. 
Consequently the line of action of the re- 
action is practically vertical. If it simply 
slides instead of rolling, then the reaction is inclined to the 
normal at an angle equal to the angle of friction, and inclined 




Fig. 14J. — Stress 

DlAQRAU. 
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to that side of the normal which will oppose the motion of the 
frame. The left-hand end of the frame in Fig. 14a is assumed 
to be anchored to the wall by bolts, &c. All we know about 
the left-hand reaction is its point of application. 

If we suppose both ends of a frame to be anchored, then we 
only know th^e points of application of the reactions, and we 
assume that their lines of action are parallel to each other and 
to the line of action of the resultant of the external forces. 

We begin by drawing the Frame Diagram to as large a scale as 
possible, and then indicate the external forces at the joints by 
their lines of action. The right-hand reaction is indicated by a 
vertical line, and the left-hand reaction by a dotted curved line, 
as shown in Fig. 14a. We then letter the diagram according to 
Bow's method. 

In drawing the Stress Diagrams, we shall always go round the 
Frame Diagrams clockways. 

We begin by drawing a line parallel to the line of action of 
the first force or load B C This line should contain as manv 
units of length as BO contains units of force, which in this 
example is 2 tons.* 

Then draw D parallel to the line of action of the load C D, 
and containing 4 units of length corresponding to the 4 tons 
load. Next draw D E parallel to the line of action of the load 
D £, and E F parallel to the line of action of the load E F, 
representing 8 units and 4 units, respectively. 

The line B C D E F is called the Line of Loads. 

In order to complete the Stress Diagram we shall begin with 
the joint G D G, which is the only joint of which we have suffi- 
cient data. Draw from the point in the " Line of Loads " a 
line parallel to the bar C G, and from D a line parallel to the bar 
D G. The intersection of these two lines is called the point G. 
From G draw G H parallel to the bar G H, and from E draw 
E H parallel to the bar E H. This determines the point H. 
Then draw H A parallel to the bar H A, and from F draw a line 
parallel to the line of action of the reaction F A. The inter- 
section of these two lines fixes the point A. Joining A with B 
gives the finishing line of the Stress Diagram. The line A B in 
the Stress Diagram is parallel to the line of action of the left- 
hand reaction. 

By applying the rule for the kind of stress, we can determine 
from the diagram all we may wish to know — e.g., with respect 
to the top right-hand joint, the diagonal member is called H G. 

• The scale for the diagram should be as large as convenient. A rough 
guess may be made bj^ adding aU the loads together, and assuming that 
ttiis will be the total vertical length of the diagram. 
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On reference to the Stress Diagram we see that the way of its 
action is from H to G which means pushing at the joint. 
Therefore, the diagonal member is in compression, and so on for 
the other members. 



Iton 




ton 



Fio. 15a. — Frahb Diaobah. 
Frame with Wind Pbbssube. 

The magnitudes of the 
stresses are measured by 
the lengths of the lines in 
the Stress Diagram. 

The polygon B CDEFA 
is called the polygon of ex- 
ternal forces. 

Firm Triangular Frame. 
— This frame. Fig. 15a, can 
also be solved without 
knowing all about the 
reactions. 

The right-hand end of 
the frame ia assumed to 
be resting on rollers, while 
the left-hand end is an- 
chored to the wall. The 
vertical loads on the Frame 
Diagram represent the 
action of gravity on the 
roofing, such as slates, &o., *^"*- 156.— Stkkss Diagram. 

which is assumed to be uniformly distributed over the surface. 

In Fig. 15a, the rafters are ^own divided into three equal 
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parts called bays ; and, since the joint at each end of a bay mus4 
carry one half of the uniformly distributed load over that bay, 




Fio. 16a. — Frame Diagram. 
Firm Frame with a Quadrilateral Part, 




Fig. ]66. — Stress Diagram. 



the vertical loads will have the pro- 
portions shown by the numbers on 
the Erame Diagram. Wind pressure 
is also assumed to be uniformly dis- 
tributed, and is reckoned as so many 
lbs. per square foot normal to the 
rafters. This is indicated on the 
right-hand side of the Fram e Diagram. 

Note. — When vnnd pressure acts 
on the rafter which is anchored, the 
stresses in the members of the frame 
are more severe than when it acts on 
the free rafter. This should be re- 
membered when designing a roof. 

Since we know all the elements 
of the external forces, the line of 
loads may be drawn as in Fig. lib. 

Therefore, in order to complete 
the Stress Diagram we can begin at 
the top joint of the Frame Diagram 
where only two members meet. 
This enables us to find first the point 
P in the Stress Diagram, then the 
point Q, and so on. 
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Firm Frame. — The frame represented in Fig. 16a is of 
the same class as the two preceding. In drawing the Stress 




Fig. 17a. — Fbame Dia.qram. 
FncM Frame with Mansard Outline. 

Diagram, although we have deter- 
mined the point N and the point 
M, we cannot fix the point P, until 
we obtain the point O. After that, 
the diagram closes in the usual 
way.* 

Firm Frame with Mansard Out- 
line. — In Fig. Lla we have illus- 
trated a frame having the double- 
sloped outline of the Mansard Roof. 
. It is of the same type as Fig. 16a, 
and presents the same peculiarity 
in the drawing of the Stress Dia- 
gram. "Wind pressure is indicated 
on the right-hand rafters. The 
forces E F and G H are both nor- 
mal to the bar F P. They should, 
however, be of equal value. Also, 
the forces HK and LM are both 
perpendicular to the bar K P. 

Fio. 176.— Stbbss Diagram. 
*It may be objected, that we cannot fix the point P, since MNUP ia not a fixed 
point, for U IC and N act independently of eaoh other. 
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Note for page S. — The word Vector was used in defining the conditions 
of equiUbrium in frames, consequently it may be as well to define the 
following terms here :— 

8cala/r. — A quantity which has no relation to definite direction in space, 
or which is considered apart from such direction, is called a "Scalar" or 
"Scalar-Quantity." 

Vector. — A geometrical quantity which is related to a definite direction 
in space is ca&d a "Vector" or "Vector-Quantity." 

Vector-Quantity. — This requires for* its complete determination (1) the 
magnitude, (2) the direction, and (3) the aenae to be given. 

A vector-quantity may be geometrically represented by a line, if — 

(1) The length of the line represents to scale the magnitude of the quantity. 

(2) The line be placed in the proper direction. 

(3) The proper sense or way be given to the line. 

The sense is usually indicated by an arrowhead on the line. 

The line itself with its direction and sense is called a Vector — > 

Suppose that a force of known magnitud e act s along a line from P to 
— > Q ; then, the Vector is written down as P Q, with a bar-line over the 
two letters P and Q. 

Any quantity, whether atxUa/r or vector (considered as occupying a definite 
position in space), is said to be localised. Thus the mass of a body in a 

fiven position is a localised scala/r, and a force acting on a body at a 
efinite point is a localised vector. 
Vector Sum. — The sum of a number of vectors is often called the 
Resultant Vector, and in relation to this resultant the other Vectors are 
called Components. 

To add a number of vectors, place the first anjrwhere, the beginning of 
the second to the end of the first, and so on, then the vector from the 
beginning of the first to the end of the last is the sum of the aivss 
VECTORS (Beivrici and Twmer). 
Rotor. — A localised vector is called a Rotor (Clifford). 

* Those who desire to study this subject should read Vectors and Rotors 
leiih Applications, by Prof. O. Henrici, P.R.S., and G. C. Turner, B.Sc, 
published by Edward Arnold, London. 
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Lectuke I. — Questions. 

1. What is a frame or framed structure? Distinguish bet^reen the 
three different kinds of frames. 

2. Explain in your own words Bow's method of lettering a system of 
forces, with two examples. 

3. What is meant by the reciprocal of a point, and a pair of reciprocal 



4. Explain how you would represent forces in a diagram so as to deter- 
mine those in each part of a structure, and explain the principles upon 
which the construction depends. 

5. State a rule for determining the kind of stress in a bar. 

6. Illustrate and explain how you would find the stresses in a firm quadri- 
lateral frame. 

7. Illustrate and explain how you would find the stresses in a firm tri- 
angular frame. 

8. Illustrate and explain how you would find the stresses in the outline 
of a Mansard frame. 

9. Draw a parallelogram, A B C D. The side A B is 2 inches, and the 
side AD is 3 inches ; the angle B A D is 75°. The point E bisects the side 
C D. There are forces, in the direction D A of 15 lbs. ; in the direction A B 
of 20 lbs. ; in the direction E B of 23 lbs. ; find the resultant, giving 
its magnitude, the angle which it makes with A D, and its sense. 

(B. of E. Adv., 1900.) 

10. Draw a parallelogram, A B C D. The side A B is 2 inches, and the 
side A D is 3 inches ; the angle B A D is 75°. The point E bisects the side 
C D. There are forces in the direction D A of 15 lbs. , in the direction A B 
of 20 lbs., in the direction EB of 23 lbs. What two forces, acting one 
along D C and the other passing through the centre of the parallelogram, 
will produce equilibrium? (B. of E., H.,"Part I., 1900.) 

N.B. — See Appendices B and C for other questions and answers. This 
note refers to all the Lectures. 
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Lecture I. — A.M.Ikst.C.E. Exam. Questions. 

1. The figure shows forces acting upon a structure in a plane ; the 
direction and position of one supporting force, X, are shown j you are 

informed that the other acts through the 
point A. Find these supporting forces. 

(I.C.B., Oct., 1898.) 

2. The following forces act on a particle 

situated at the origin of co-ordinates in 

the plane of the paper: — A force of 5 Ihs. 

making an angle of 30° with the axis of x, 

9 lbs. at an angle of 90°, 7 lbs. at 135°, 

10 lbs. at 225°, and 3 lbs at 300°, find 
graphically the resultant in magnitude and direction. (I.C.E., Oct., 1899.) 

3. Write down the conditions of equilibrium for a particle and for a 
rigid body. (I. C. E., Oc«., 1899.) 

4. What are the graphical conditions of equilibrium for a system of 
ooplanar forces? (ICE., Oct., 1899.) 

5. Show how to draw the link polygon for a system of coplanar forces 
acting on a body. If the force polygon closes and the link polygon* 
does not, show that the forces acting on the body are equivalent to a 
couple. (I. C. E. , JPeb. , 1900. ) 

6. A masonry wall 10 feet in height, with a uniform thickness of 2 feet, 
is subjected to a horizontal wind-pressure of 28 lbs. per square foot on one 
side. Taking the weight of the masonry at 1 J cwts. per cubic foot, find 
the point at which the resultant line of pressure will intersect the base of 
the rectangular section of the wall. (I.C.E., Feb., 1901.) 

N.B, — See Appendices B and C/or other questions and amswers. 

* In dealing with problems in whicli we wish to find the resultant of a number of forces, 
we usually require to know the poeUion^ as well as the vnagnitude and direction, ot the 
resultant. And unless all the forces pass through the same point (in which case the 
resultant will also pass through that point) some separate construction must be used. 
Such construction is known as the link and vector polygon construction, where the vector 
or force polygon alone is sufficientito find the magnitude of the resultant of any number 
of forces, if the forces meet at a point. But we need also the link or funicular polygon to 
find a point in the line of action of the resultant if the forces do not meet at a point. 
(For proof, see Prof. O. Henrici's book on Vectors a/nd Rotors, published by Edwai'd 
Arnold, London.) The student is referred to p. 108, Lecture V.^ Vol. III., for a practical 
application of the above construction in order to determine the centre qf gravity 
of an area. 
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LECTURE II. 

Contents.— Substituted Frames— King Post Truss — Right-Angled Strut 
Truss — Roof Truss — Load at an Internal Joint of a Frame — Modified 
French Truss — Bowstring Truss — Example I. — Notes on Roof Trusses 
by Mr. J. M. Ringquist — Weight of Roof, Purlins, Rafters, and 
Covering — Table of Stresses in Members of French Truss — Questions. 

Substituted Frames. — The types of frames illustrated in the pre- 
yious Lecture, although not practical examples, are intended to 
be substituted for some other actual form in order to determine 
the reactions therein, since the reactions do not depend upon the 
form of frame carrying the roofing, but merely on the distribution 
of the loads. In substituting one of the above frames for a 
practical one, we must have the joints of the substituted frame 
coincident with those of the given one. This will be illustrated 
by the following examples : — 

King-Post Truss. — In Fig. 18 we have the Frame Diagram of 
a king post truss with wind pressure on the right-hand rafter. 
In this case, we assume both rafters to be anchored to the walls. 
Therefore, all we know about the elements of the reactions are 




Fig. 18.— Frame Duobah of King Post Truss. 

their points of application, and that their lines of action are 
parallel to each other, as well as to the line of action of the 
resultant of the external forces. 

Before we can determine the Stress Diagram for this frame we 
must first determine the reactions, because more than two bars 



KING-POST TRUSS. 



21 



meet in each of the joints except the two where the reactions 
act. Consequently, until we determine all the elements of the 
reactions we cannot begin at either of these two joints. 




Fio. 19. — Substituted Frame. 

In order to determine the reactions, we shall substitute a 
frame similar to that illustrated in Fig. 15a. Tliis substituted 



y^- 



Zk-' 




Fig. 20. — Stress Diagram tor Substituted Fram^. 



22 



LECTURB II. 



frame is shown in Pig. 19. In practice, this frame is merely 
sketched in order to apply the proper letters. The dotted lines 
are drawn in the Frame Diagram, or the set square is simply 
made to pass through the requisite joints, and then the lines 
are drawn parallel thereto in the Stress Diagram. To obtain 
Fig. 20 we begin by drawing the line of loads. Then, we find 
the point X, when a line from the point X drawn parallel to the 
substituted bar X Y, and one from the point parallel to the 
rafter Y fix the point Y. Next we find the point Z. Now, 
the line of action of the resultant of the external forces is 




Fio. 21. — Stbbss Diagram fob King Post Truss. 

parallel to the line joining L with B. Therefore, the point A 
must lie on this line since the reactions L A and A B are 
parallel to each other and to the line of action of this resultant. 
Consequently, we find the point A by drawing through the 
point Z a line parallel to the bar Z A so as to intersect L B in 
the point A. This determines all the remaining elements of the 
reactions, viz.: — 

(1) Their lines of action parallel to L A and A B. 

(2) Their ways from L towards A, and from A towards B. 

(3) Their magnitudes by the number of units of length in the 
lines L A and A B. 

We can now draw the Stress Diagram for the king post truss, 



ElGHT-ANGLHlD g'TRtJT TRUSS. 
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as shown in Fig. 21, from which the particulars for the various 
members may be determined. Comparing Eig. 21 with Pig. 20, 
we see that nearly all the lines of Fig. 21 lie along the lines of 
Fig. 20. In practice we simply draw Fig. 21 on the top of 
Fig. 20. 

This method of a substituted frame introduces fewer errors 
due to drawing, than the usual method of the funicular polygon 
(which will be illustrated further on), because we make use of 
the same joints of the frame for the two Figs. 20 and 21, and 
the same line of loads. 

There is one line in Fig. 21 which will check the accuracy of 
the Stress Diagram. In drawing the diagram we begin with 
the point M, and then find the points N, O, and P. The line 
joining P to H will then be parallel to the rafter P H, if the 
Stress Diagi'am is correct. 

Right-Angled Strut Trass.— In this frame we have introduced 
loads at the lower joints as well as roofing weights and wind 




Fig. 22. — Frame Biaobam joe Rioht- Angled Strut Truss. 



pressure. We also assume the two rafters to be anchored to the 
walls, as indicated by the two dotted curved lines LM 
and AB. 

We must first find the reactions before we can draw the Stress 
Diagram. In finding the reactions we will substitute the frame 
which is shown in Fig. 23. 

First Method of Obtaining Stress Diagram for Original 
Frame. — Produce the lines of action of the loads at the lower 
joints until they intersect the rafters. These points of inter- 
section are considered as joints in arranging the substituted 
frame and the lower loads assumed to be acting at these joints 
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as shown in Fig. 23. The forces /F and H A in Fig. 23 are the 
loads N A and III N in Fig. 22 transferred as explained. 




Fig. 23.— Substituted Feame. 



The Stress Diagram for the substituted frame is illustrated in 
Fig. 24 and presents no difficulty requiring explanation. This 
diagram gives the reactions L T and T B. {See note at. the end 
of this Lecture.) 




Fig. 24. — 8TBt:ss Diaoram fob 
Substituted Frame. 



Fig. 25. — Stress Diagram 
FOR Orxgikal Fraue. 



EIGHT-ANGLED STRUT TRUSS. 
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Tn order to draw the Stress Diagram for the original frame 
which is illustrated in Fig. 25, it is necessary to redraw the line 
of loads taking them in their order as in Fig. 22. That is, B C, 




Fig. 26a. — Fbame Diagram. 
Substituted Fbamk for Top Joini Loads. 



OD, DE, EF, FG, G H, 
HK, KL, reaction LM, 
M N, N A and then reac- 
tion A B. The drawing 
of the remaining part of 
the Stress Diagram calls 
for no special remark. 
(The above Stress Dia- 
gram is not completed for 
want of space.) 

Second Method. — Take 
the top joint and the 
lower joint loads separ- 
ately. In Fig. 26a we ha ve 
the sifbstituted frame for 
the top joint loads and 
its Stress Diagram. The 
Stress Diagram, Fig. 266, 
determines the reactions 




Fio. 266. — Stbess Diagram. 



L W and W B due to the loading on the rafters. 

In Fig. 27 we have a frame similar to the one illustrated in 
Fig. 14a. The joint A N S is any point in the line of action of 
the load N A in Fig. 22, and the joint N M R S any point in the 
line of action of the load M N in Fig. 22. The left and right 
hand lower ioints of Fig. 27 are the rafter ends in Fig. 22 
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In Fig. 27 the load T A is the reaction W B found in Fig. 266 
reversed. The loads A N and N M are the loads at the lower 




FlQ. 27. — SOBSTITUTBD FrAMB DIAQBAM JOB LOWEB JoiNT LoADS. 

joints in Fig. 22, and the load M V is 
the reaction LW of Fig. 266 reversed. 
Therefore, if we draw the Stress Dia- 
gram for the frame of Fig. 27 we deter- 
mine the reactions due to all the loads 
of the original frame of Fig. 22. 

In Fig. 28 we have the Stress Dia- 
gram for the frame of Fig. 27. The 
reactions are represented by the lines 
V U and U T. This figure has been 
drawn to a smaller scale than Fig. 24, 
but the lines V TJ and U T of Fig. 28 
contain the same number of units as 
L T and T B of Fig. 24. 
*Roof Truss. — In Fig. 29 we have a 
frame of a type that will not allow of 
the Stress Diagram being drawn in a 
regular manner, but only in a step by 
step process. 

Fig. 30 shows the substituted frame 
used in order to determine the reactions 
L A and A B, and in Fig. 31 we have the Stress Diagram foi 
both Figs. 29 and 30. 

In Fig. 31 we draw first the line of loads, second we find the 
point 0, then O X and D X fix the point X, and X Y and K Y 
fix the point Y. On drawing Y A parallel to the bar Y A, and 
L A parallel to the line of action of the reaction at the right- 
hand joint, we determine the reactions L A and A B. i 

The point O is the same in both Stress Diagrams, but we 
* See end of this Lecture for criticism of Fifs. 




Fio. 28. — Stress Dia- 
gram roE Feame in 
Fig. 27. 



ROOF TRUSS. 
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cannot determine the points N and Q until we have found the 
points M and B. The point M is found by drawing DM 




Fio. 29. — Frame Diaobam or Koof Truss. 

parallel to the rafter D M, and A M parallel to the tie-bar A M 
then M !N and N O fix the point N, and similarly for the poic 




Fig. 30. — Substitoted Frame for Fig. 29. 

Q. Again, although N may be determined, P cannot be fixed 
until we have found Q. 

The line N P or F Q forms a check line. 

Hlote. — The dotted lines of Fig. '61 are the only part of the Stress 
Diagram/or the substitttted frame thcU has not been required for t/ie 
original frame. 
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Load at an Internal Joint of a Frame. — In Fig. 32a we have a 
frame the same as the last one, but with a load applied at a 
joint inside the frame. This load is represented in the Frame 
Diagram by the small arrow near the letter P, and is applied at 
the joint OP QT. 

Note. — If the force had been, applied at a point in the bar, then 
equivalent parallel forces applied to the joints at the end of the bar 
zoUl allow a solution to be determined. 

To obtain a solution for this frame loaded as shown, intro- 
duce a bar with its centre line lying along the line of action of 



t^z 




Fio. 31. — Stkbss Biaobah fob both Roof Tkuss amd 

SUBSTITUTBD FbAME. 



the given force. Then, where this bar cuts an outside member 
of the frame, apply a force having all its elements (except- 
ing the point of application) the same as those of the given 
load. 

The introduced bar is represented in Fig. 32a by the dotted 
line S T, and the applied force by the chain dotted line M A. 
The force M A will have the same action on the members of the 
frame through the bar S T, that the load at the joint O P Q T 
has, therefore the load must be left out after M A is applied. 

Note. — The introduced bar might liave been placed between tlte 



LOAD AT AN INTERNAL JOINT. 



29 



joint where the load is acting and the rafter, amd the equivalent 
Jarce applied at the rafter end of the bar.* 




Fig. 32a.— Frame Diaorau. 
Booi' Truss, with Load at Internal Joint. 




Fig. 326.— Stress Diagram. 

• The student should work this method as an exercise. Some of the 
lines of the Stress Diagram will be lowered but the stresses will remain 
unchanged. 
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The Prame Diagram, Fig. 32a, is loaded similarly to the frame 
of Fig. 22. The reactions are therefore found in the same way. 
After the external force polygon has been drawn, the Stress 




Fio. 33a.— Frame Diagbam. 




Fia. 33b. — Stbbss Diaosah. 
Fkams Rbqdisino Special Methods eor Solution. 

Diagram may be completed by the same method as that used for 
the frame of Fig. 29. 
Beferring to the Stress Diagram of Fig. 32a, we see that the 
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bar TS exerts the same pull at the joint T S M A as the force 
M A. These two therefore balance each other, and we are left 
with the pull which the bar S T exerts on the joint O P Q T. 
This pull ST, on the joint OPQT, is identical in all its 
elements with the load ; and therefore, the stresses in the 
members of the frame will be identical with those due to the 
original load. 

Modified French Truss.— This Truss is illustrated in Fig. 33o, 
and presents some diflSoulties in its solution. We first deter- 
mine the reactions as already explained and draw the external 
force polygon as in Fig. 336. Secondly, we draw D P and A P 
parallel to the bars D P and A P respectively. This fixes the 
point P. But, although we know the point P, we can get 
neither Q nor E, nor any other point but X. This point X, 
however, does not help us, because we can proceed no further 
by aid thereof with the Stress Diagram. 

First Method of Obtaining the Stress Diagram. — We 
know that the point E. lies on a line drawn through F parallel 
to the bar F R and that S lies on a line drawn through H 
parallel to the bar H S. Now, assume a point R' anywhere on 
the line F R and draw R' S' parallel to the bar R S and H S' 
parallel to the bar H S. This fixes the point S'. Then S' T' 
and A T' fix the point T', and R' Q' and T Q' fix the point Q'. 
Next move the figure R' S' Q' parallel to itself keeping R' on 
the line F R until Q' lies on a line drawn through P parallel to 
the bar P Q. This is done by drawing Q' Q parallel to F R so 
as to intersect P Q in Q. This determines the point Q. Then 
Q S and H S fix S and Q R and F R fix R and so on for the 
other points. 

Second Method. — Substitute the bar T Z (as shown by the 
dotted line in the Frame Diagram, Fig. 33a) for the two bars 
Q R and R S. This bar transfers the action of the loads at the 
joint G H S R F to the joint P Q T A ; and therefore, the stress 
in T A will be unaffected. If the bar H S had been divided an^ 
similarly braced, then a bar from that joint to the joint P Q T A 
would enable a solution to be found. 

In the Stress Diagram, Fig. 336, we begin by finding the 
point P, then the points Y, Z, and T respectively. Having 
found the point T we can then proceed to find the other points 
in the same way in the previous cases. 

Third Method. -^First, find the stress in the bar T A, by 
taking one of the sections of the truss and thus obtain the 
resultant of the loads and the reaction of the wall on that 
section. Second, ascertain what stress in T A combined with 
the reaction of the other section of the truss on the apex will 
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balance this resultant. Fig. 34 represents the right-hand section 
of the Truss of Fig. 33a. There is no wind pressure on this 
side. The loading consists of |KL, L M, MN and N O in 
Fig. 33a. The resultant K' O, Fig. 34, of these four loads passes 
through the centre of the rafter since N O is equal to ^ K L and 
L M is equal to M N. 




Fio. 34. — Loads on Right-Hand Section. 



We have now to 
reaction O A. Draw 
action of the forces K' 




N 



Fio. 35.— Triangle or 
FoEOES ON Section. 

in the bar T A, and 
left-hand section on 



find the resultant of K' O and the 
the line a b anywhere cutting the lines of 
O and O A as shown in Fig. 34. Through 
b draw c <^ at any angle to a b. Make b c 
represent to scale the force K' O and c d 
to the same scale the reaction O A. Then 
join a with c and through d draw dy" paral- 
lel to a c, so as to intersect a b produced 
in/. Then / is a point in the line of 
action of the resultant of the forces K' O 
and A. Its line of action is parallel 
to the lines of action of the forces K' O 
and A, and its magnitude is equal to 
their difference — that is, K' A in Fig. 35. 
Next produce the centre line of the 
bar TA in Fig. 34 to intersect the line 
of action of K' A, the resultant of the two 
forces K' O and O A. Then since the 
resultant K'A, the action of the stress 
the action T K' (t.e., the reaction of the 
the apex of the frame) form a system of 
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forces in equilibrium. The line of action of the force TK' 
must pass through the apex and the intersection of TA and 




Fib. 36a. — Fbame Diaosau. Bowstbino Truss. 

K' A, consequently an 
application of the tri- 
angle of forces will give 
the value of the stress 
in TA. This is shown 
in Fig. 35, where K' is 
the centre of K L and 
the other points are points 
in the line of loads as 
in Fig. 336. When this 
is known, the Stress Dia- 
gram can be completed. 

Bowstring Truss. — 
There is no difficulty in 
drawing the Stress Dia- 
gram for this truss, but 
if we commence in the 
usual manner by drawing 
D E. and A B, by the time 
we get to the other side, 
the finishing line would most probably not be parallel to its cor- 
responding bar in the Frame Diagram. This is due to the short 
3 3 
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length of the bars R S, ST, <fec., in. the Frame Diagram and to 
the stresses in them being large compared to the loading on the 
roof as shown bj the Stress Diagram. 

We get a very much better diagram by determining the stress 
in one of the centre ties — e.g., A X, by aid of a supplementary 
frame. Therefore, in order to find the reactions, the wind pres- 
sure may be supposed to act on a surface tangential to the curve 
of the roof at the joints ; the length of the surface being equal 
to the sum of the two half bays on each side of the joint. The 
wind pressure at each joint will act along the radial line at the 
joint, and therefore the resultant of the wind pressures must 
pass through the centre of the outer curved flange. 

The point 3 in the Frame Diagram, Fig. 36a, is the centre of 
the outer curved flange. This is a point in the line of action of 
the resultant wind pressure. This line is parallel to the line 
joining B with K' in the Stress Diagram, and is represented by 
the line 3 — 7 in the Frame Diagram. BO, OE', B'G', and 
G' K' represent the wind pressures B C, D E, F G and H K 
and therefore B K' is the resultant in magnitude and is parallel 
to its line of action. 

If the roofing is uniform, the centre of the curve of the outer 
flange will be a point in the line of action of the resultant load. 
Therefore, the resultant of the wind pressure and of the roofing 
weight will also pass through the point 3. The line of action of 
this resultant wUl be parallel to the line joining B with Q in the 
Stress Diagram — i.e., along the line 3 — 6 in the Frame Diagram. 
The Truss is in equilibrium under the resultant load acting along 
the line 3 — 6. The line of action of the right-hand reaction is 
known, and the point of application of the left-hand reaction is 
also known. These three forces must pass through one point. 
Therefore the line joining the point 1 with the point where the 
line 3 — 6 cuts the line 2 — 5 will give the line of action of the 
left-hand reaction. But as the point of intersection of the lines 
3—6 and 2 — 5 would be far ofif the paper we use the following 
construction : — Join the point 1 with 2, 2 with 3, and 3 with 1 ; 
then take any point 5 in the line of action of the right-hand 
reaction and draw 5 — 6 parallel to 2 — 3. Then draw 6 — 4 
parallel to 3 — 1 and 5 — 4 parallel to 2 — 1 so as to intersect 6 — 4 
in the point 4. If the point 1 be joined with the point 4 the 
the line 1 — 4 will pass through the point of intersection of the 
line 3 — 6 with the line 2 — 5. The line 1 — 4 is therefore the line 
of action of the left-hand reaction. 

In the Stress Diagram, Fig. 366, draw a line through the 
point B parallel to the line 1 — 4, so as to intersect the line Q A 
in the point A. This determines the reactions and enables us to 
proceed with the Stress Diagram. 
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We shall first determine the stress in X A. Assume a point 
9 anywhere and connect it as indicated by the chain dotted lines 
in the Frame Diagram. This point 9, when connected with the 
joints of the outer flange, forms a supplementary frame in 
equilibrium under the following forces : — 

(1) The wind pressure. 

hS The loads C D, E P, G H, K L and L M. 

(3) The reaction A £. 

(4) The action of the stress M Y on the joint L M Y X W. 

(5) The action of the stresses in Y Z and Z A on the joint 
XYZA. 

In the meantime, the internal bars H A, B S, ST, T A, on to 
W X and X A are left out of account. 

In the Stress Diagram, Fig. 366, we begin by drawing A/ 
parallel to the supplementary bar A/ and Dy parallel to the bar 
Df. This fixes the point /. Then fg and F^ give the point 
g and so on until the point m is obtained. Now draw m Y 
parallel to the bar m Y (which is coincident with the bar X Y) 
and M Y parallel to the bar M Y this fixes the point Y. In a 
similar way Y X and A X fix the point X, when the Stress Dia- 
gram may then be finished in the usual way. 



This method gives 



E=Sicmt 



IB emit 
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To Illcsteate Example I. 



a more accurate estimate of the several stresses than by following 
the usual direct plan, as explained at the beginning of this 
example. Moreover, this construction is perfectly general in its 
application and may be used to determine the stress in any one 
bar of a frame. 

Example I. — A is a point in a wall 10 feet vertically over 
another point B. From A and B there project two horizontal 
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bars, A C, B D (the former being 10 feet and the latter 6 feet 
long), and D is joined by two bars with A and 0. If a weight 
of 15 cwts. be hung from C, find the stresses on all the bars, and 
show which are in tension. Find also the resultant stress on 
the point A. You may neglect the weights of the bars. 

Answer. — In the figure we have denoted the spaces by letters 
according to Bow's notation. To obtain the Stress Diagram we 
must draw H K parallel to the force H K and 15 units long. 
Then make H M parallel to the bar H M and K M to the bar 
K M. This gives us the point M. ML parallel to the bar M L, 
and K L to the bar K L, fix the point L. H L, when joined, 
gives the reaction at the joint A, and the other lines the stresses 
in the bars. Their values are marked on the figure. A and 
A D are in tension, while D and B D are in compression. 

Note to Fig. S4. — Mr. Vowell says — " In regard to the general method 
of the 'Substituted Truss or Frame,' the Funicular Polygon appears 
simpler. (See Index for page where this is explained.) In the 'Substi- 
tuted Frame ' method, one is obliged to get the point T through several 
short lines, thus making accuracy difficult, whereas, by the Funicular 
Polygon Method you can always deal with the resultant wind pressure 
cnly, and split it up by the shorter ' Culman's Method.' " (See Appendix 
K for an explanation of this Method. ) 



NOTES ON LECTURES II. AND III. 
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Notes hy Mr. J. M. Singquist, Chief Draughtsman, Stockton-on- Tees. 

(1) Roof Truss.— In Fig. 29,' on p. 27, is shown a truss which is neither 
eflBoient nor economical, since the compression members DM, F 0, OH, 
and R K are not in any way reduced in length by the bracing bars M N, 
NP, PQ,andQR. 

(2) In the roof truss illustrated by Fig. 32a, on p. 29, the student will 
notice that no member of the truss should be loaded between the joints, as 
shown at the member S A, if it can be avoided. 

The reason for this is, that such loading causes the member to be treated 
as a beam loaded at the point of application of the weight. Hence, instead 
of determining the sections of the rafters as in the case of compression 
members only, you have to combine the compression and bending stresses. 

(3) Iron King Post Truss. — In all frame diagrams, as shown on p. 
42, it is a general custom to make the centre lines of gravity of the 
members to intersect in all heavy roofs. But, for smaller roofs, made of 
T or L rafters, the "scribe lines" or "back-lining" intersect — i.e., the 
centre line of rivets, which, of course, is not the same as the centre of 
gravity lines. 



Scribe lines 




eg. lines 

Fig. 38o. — SnowiNa Cbntbk of Gbavitt (c.g.) and Scbibb Lines. 

In general practice a truss would not be made as shown by the two 
inclined full lines from the tie-piece at A in Fig. 37a, because the excess in 
stress due to wind pressure acting on one end side of the tie-piece at the 
foot of the king rod would tend to tilt it. This is not permissible in roof 
trusses. The usual method now, is to take the bracing bars into the centre 
at A, as indicated by the dotted lines on Fig. 37a, which avoids the use of 
a special tie-foot for the king rod, like that shown by Fig. 3S. 
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Weight of Roof, Purlins, Rafters, and Covering.— The dead 

load upon the roof of any building consists of — (1) The weight of the roof 
principals or trusses. (2) The purlins.* (3) The rafters with the roof- 
oovering. 

The trusses and purlins are sometimes dispensed with in roofs of small 
span. 

The principal rafters are straight, and abut against each other at the 
peak or top of the principal, whilst they are prevented from spreading at 
their lower points or heels by tie-rods. When the rafters are made of 
iron, tee, rail, and both single and double channel sections, bulb-tee and 
rolled X iron girders, all prove very serviceable. If the rafters are made 
of timber, their cross-section is rectangular in form ; and, for the sake of 
economy, combined with general appearance, they are made to taper 
uniformly from the heel to the peak or top of the principal. The weight 
of the roof principal or truss may be estimated from the known weight of 
similar roofs for the purposes of calculation, and the cross-sectional areas 
of the members thus determined. Afterwards, the correct weight may be 
ascertained and the truss stresses re-calculated for the corrected weight. 




He-eUm 



Fig. 37. — Roop Truss, showtno Publins, RAPtEKa, and Coveeino. 

The weights of the purlins may be ascertained without much trouble, a> 
they consist of rectangular timber beams, angles, tees, or rolled steel 
girders. In large roofs the purlins may be lattice girders or truss beams. 
The purlins are spaced at intervals along the principal rafters, about 8 to 
10 feet, but varying with the type of roof. The spacing of the purlins is 
also regulated by the nature of the covering, and the dimensions of the 
purlins are governed by the distance between the main rafters. These 



* The purlins are the longitudinal beams carrying the load between the 
trusstis and transmitting the loads to the principals. 



PURLINS, RAPTEES, AND COVERINGS OP ROOP TRUSSES. 
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purlins are sometimes fixed to the top or sides of the rafters by brackets, or 
Re between them in shoes made of cast iron. When the distance between 
the rafters is so great as to cause an undue deflection of the purlins, these 
latter must be trussed. 

The junction of the rafters at the peiak or top of the principal is made by 
means of a casting or wrought-iron plates. The heel of the principal 
rafters are fitted into cast-iron skew-backs, or are fixed between wrought- 
iron angle-brackets, and rest either directly upon the wall or upon a 
wall-plate. {See Fig. Ha, Lecture I.) 

_ When the span exceeds 50 feet, allowance must be made for the altera- 
tions in length due to the changes of temperature. This may be effected 
by interposing a set of rollers between the skew-back and wall-plate at one 
heel, as indicated by the figure previously referred to, or by fixing one heel 
to the wall and allowing the skew-back at the opposite heel to slide freely 
over a wall-plate. If one end of the principal is fixed, and the other end is 
free to move on expansion rollers, the principal will tend to expand or 
contract as the temperature increases or diminishes. Motion takes place 
as soon as the forces due to the changes of temperature are sufScient to 
overcome the frictional resistance of the expansion rollers. When the 
frictional resistances just balance the forces due to temperature, the whole 
of the horizontal component of the normal wind pressure on the roof must 
be resisted by the fixed end, since the roller end can only supply a vertical 
reaction. 

The sheathing boards and final metal or slate covering are fastened upon 
the purlins by means of nails. 

Table of Stbesses in Members ov French Truss. 
{Lecture 17., p. 41.) 

To illustrate the kind of table which students should draw up in answering 
such questions on structures as 10 and 11 of this lecture. 



Members. 


stress in Tons. 


Members. 


Stress in Tons. 


AJ 


-m 


NM 


- 1-3 


JI 


- 9-5 


MP 


-4-6 


BK 


+ 10-4 


DO 


+ Q 


KL 


- 1-3 


OP 


- 6 


LI 


- 8-2 


PI 


- 4 


CN 


-1- 9-8 







Note. — The { + ) sign indicates, that the member is in compression, 
whilst the ( - ) sign shows that the member is in tension. As the loading 
is symmetrical on each halt of the truss, then the magnitudes of the 
stresses in the members not given are identical with those stated in the 
table. But, if wind pressure is considered as acting on one side of the 
truss, then the table of stresses must include every member of the truss in 
every instance. 
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LbOTUKB II. — QUBSTIONS. 

1. A king post truss, whose height is one-fourth of its span, is loaded at 
the joints with vertical loads of 15, 30, and 45 units respectively. Deter- 
mine the nature and amount of the stresses in each member of the frame. 
(S. & A. Adv. Exam., 1896.) 

2. A roof of 38 feet span, height 7 feet, rests on king-post trusses, 10 feet 
apart. The weight of the roof is 20 lbs. per square foot. Find the stresses 
on each part. 

3. If the above roof has a horizontal wind pressure of 40 lbs. per square 
foot on one side, find the stresses on each part. 

4. A roof of the form shown in Fig. 22, is 4U feet span and 10 feet high. 
The horizontal tie-bar is 8 feet below the vertex. Find the stresses in each 
part when loaded with 2 tons at each joint. 

5. If, in the previous question, the maximum wind pressure on one side 
be 2 tons on each bay, find the stresses on all the bars. 

6. Suppose both ends of the roof truss in Fig. 29 are anchored, and that 
in the substituted frame the bar X Y slopes in the opposite direction to 
that in Fig. 30 ; find the reactions and the stresses in the roof truss. 

7. Work out the stresses for Fig. 32a by the method referred to in the 
second note. 

8. Suppose both ends of the modified French struss in Fig. 33a are 
anchored, and that the substituted bar Y Z lies across the spaces Y and 
W; find the reactions and stress (I) neglecting wind pressure, (2) when 
wind pressure is taken into account. 

9. Find the stresses in the bowstring truss, shown in Fig. 36a, when 
both the ends are anchored (1) without wind pressure, (2) when wind 
pressure is taken into account. 

10. The following figures give the Frame and Stress Diagrams for o 
French Truss. Verify the Stress Diagram and redraw it in the manner 
explained in the text. 

11. Draw the Stress Diagram when there is a wind pressure of 4 tons on 
the left-hand slope, assuming both sides of the roof to De fixed to the walls, 

IS.H.— See Appendices B and Gfor other questions and answers. 



QUESTIONS. 
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STRESS DIAGRAM 



IlLITSTRATIONS for QUESIIONS 10 AND 11. 

(See Table of Stresses in Members of French Truss, given at p. 39.) 
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LEOTUKE III. 



Contents.— Deficient Frames — Iron King Post Truss— Queen Post Frame 
— Solution of the Second Method— Solution of the Third Method — 
Solution of the Fifth Method— Yieldingness — Recent Framed Struc- 
tures and Practical Application of the Kin g Rod or " English " Truss 
— Questions. 

Deficient Frames. — Iron King Post Truss. — In practice the foot 
of the king rod N O is made virtually solid, as shown by the full 
lines in Fig. 37a. If the short bars N A and O A are made freely 




FiQ. 37a.— Fbamb Diaobam poeDbpioient Kino Post Tkuss.* 

jointed at N A, it will be evident 
that the spaces N and O would 
change their shape if the loads at 
the centre of the rafters were un- 
equal. This change of shape is 
resisted by making the joint N A 
rigid. 

Since the bars N A and O A are 
very short compared with the other 
members, we can draw the Stress 
Diagram as if the frame were made 
as shown by the dotted lines in 
Fig. 37a. The full lines in Fig. 
376, which is the Stress Diagram 
Fio. m-STRBSB Diagram for ^^ ^^S- 37a, are drawn on the above 
Dbpioient Kiho Post Truss, assumption. 

* See end of previous Lecture for criticism of Fig. 37a. 




QUEEN POST FBAMK. 
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If a line of section be drawn, beginning in one space of a 
Frame Diagram and ending in another, so as to pass throi^li a 
joint or cross two or more bars, then the line joining the points 
in the Stress Diagram named after the beginning and end 
spaces gives the resnltant of the stresses in all the bars meeting 
in or crossing that line. 

The student can easily verify this by referring to the 
Stress Diagram. 

In Fig. 37a a shaded line is shown beginning in the space D 
and ending in the space 0. Then in Eig. 376 the chain dotted 
line D O is parallel to the line of action of the resultant of the 
stresses in the bars DM, M N, and N O. The length of the 
line D O gives the magnitude, and from D to O the way of the 
resultant with respect to the top side of this section. A point 
in the line of action of this resultant may be found by drawing 
a line through the joint D E F I^ M parallel to the line joining 
D with N in the stress diagram to cut the bar N O produced. 
The line D 17 is the resultant of the stresses D M and M 'N, 
which must pass through the joint DEENM. The dotted 
line OA gives the resultant of the stress actions in the bars 
P and P A on the imaginary joint N A. Therefore, since 
the bar O A is very short, the force acting on the pin at the end 
of this bar will be approximately represented by the elements 
found from the line OA. Similarly, the 
dotted line IT A gives the elements of the 
force acting at the end of the short bar 
NA. 

The forces acting at the foot of the King 
Rod are represented by Pig. 38. These 
forces produce bending and tension in the 
parts O A, A N, and N O. 

Qaeen Post Frame. — ^A Queen Post Frame is represented in its 
normal position by the solid lines in Fig. 39. If the frame be 




FiQ. 38.— Foot of 
King Bod. 





■--.y^'i 


iT^X. c 




A -• 


" / 



FiQ. 39, — DisioBTioN OF A Fbeely Joimtsd Queen Post Fkahx. 
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freely jointed, it would be deformed into the shape represented 
by the dotted lines by a single force B C applied as shown at the 
joint N BOP O. 




Fio. 40a. — Fkame Diagram. 
QuEEM Post Frame, with Part os Tib-Rod Made Contuhtous. 



Fio 



This change of shape may be 
resisted in several ways, such as 
the following : — 

(1) By a diagonal in the cen- 
tral parallelogram. This 
diagonal would have to 
stand push if the wind 
caught the frame on one 
rafter, and pull if the wind 
pressure were on the other; 
or the stresses might be 
due to snow. It is the 
usual practice to put 
two diagonal ties in the 
parallelogram, so that when 
a push comes on one dia- 
gonal the other receives it 
as a pull. In drawing the 
Stress Diagram for such a 
frame, if a push comes on one of the ties, we omit that 
bar and take the other. 
(2) By making the bar continuous between the joints M O A 
and P H K L A, and therefore able to resist being bent 
into the dotted form shown in Pig. 39. 




Stress Diagram. 



QUKBN POST FRAME. 45 

(3) By making the whole tie-beam continuous. This causes 

the frame to become redundant; i.e., it may be self 
stressed, by having the bars M and O P of unequal 
length, or badly fitted. 

(4) By making one rafter continuous. 

(5) By making the rafters and tie-beam continuous. This 

is the usual form in actual practice and causes the 
frame to become redundant. 

Solution of the Second Method. — The reactions are ascertained 
by a Substituted Frame as already explained. In the Stress 
Diagram, Fig. 406, we begin by drawing T> N and F N; M and 
A M ; N O and MO; O P and H P all parallel to their respec- 
tive bars. Then P and O joined with A give the finishing 
lines of the Stress Diagram. The lines A P and A O are not 
parallel to the bars A P and A O. This indicates that there is 
bending in the continuous part of the tie-rod. 

In Pig. 41, the forces are shown 
acting on the part of the tie- O 

beam which is continuous. The ■■« ^ 
vertical components of the forces A 

A O and A P produce bending in pjo. 4i._The Continuotts Part 
the bar, while the horizontal com- ob Tie-Beam. 

ponents produce tension. 

Solution of the Third Method. — Having found the reactions 
and drawn the External Force Polygon, as in Fig. 426, we can 
then find the point N. We observe that O must lie on the line 
N 0, which is drawn parallel to the bar N ; M must lie on 
the line D M drawn parallel to the bar D M, and P on the line 
K P drawn parallel to the bar K P. 

On reference to Fig. 39 we see, that so long as the rafter ends 
always remain in the same horizontal line, the joint F A must 
go down as much below the horizontal line as the joint M O A 
goes above it. Thereforej if the tie-beam is equally rigid along 
its length, the push required to distort it at the joint O P A 
must be equal to the pull distorting it at the joint M O A — that 
is, OP must be equal in length to MO in the Stress Diagram, Fig. 
426. If the tie-beam be unequally rigid, then the push and pull 
will be in proportion to the rigidity at the joints PA and M O A 
in Fig. 39. In Fig. 42a the distorting force is on the left-hand 
rafter, and therefore' the joint MO A will go down; consequently 
M O is subjected to push stress. 

We can now proceed with the Stress Diagram in Fig. 426. 
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Since M O is equal in length to O P, P and M must lie where 
the line D M intersects the line K P. Again, O P and M O 
are parallel to the hars O P and M O respectively, and N O is 
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Fio. 42a.— Frame Diagram. 
Queen Post Frame, with Gontikuous Tie-Beam. 

parallel to the bar N O. 
This fixes the point O. 
Joining the point P M and 
the point O with A we 
complete the stress dia- 
gram. 

The forces acting on the 
tie-beam are illustrated by 
Fig. 43. The force OP 
and the vertical component 
of P A constitute a couple 
tending to produce clodr- 
wise rotation. The force 
M O and the vertical 
component of AM form 
another couple of equal 
moment, and also produce 
clockwise rotation. These 
two couples bend the beam, 
Fio 425.— Stress Diagram. as indicated in Fig. 39. 

The horizontal components of the forces A M and P A produce 

tension in the tie-beam. 

Now, suppose the rigidity of the tie-beam at the joint P O A to 

be f of its rigidity at the joint M O A, then O^ Pj must equal § 

of 0] M]. We must remember that the joint O P A is always as 
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much above as M O A is below the horizontal line. A con- 
struction to determine Mj, Pj, and Oj is shown by the dotted 
lines in Fig. 426. The point 2 is taken anywhere in the line 
N O. The line 2 — 5 is drawn perpendicular to line N 0, and 
the line K P is produced to cut the line 2 — 5 in the point 4. 
Then the length 2 — 4 must be to the length 2 — 5 as the rigidities 
at the joints. In other words, the line 2 — 5 is three when 2 — 4 
is two, and therefore 4—5 is equal in length to half of 2 — 4. 
Now join point 5 with point 1. This line cuts the line D M in 
the point Mj, and by drawing Mj Oj parallel to the bar M O, 
and N Oj parallel to the bar N 0, we obtain the point Oj. 

The finishing lines of the Stress 
Diagram, Fig. 426, are obtained by m [ o | p 

joining Mj, Pj, and Oj with the ""* ' ' - ' ■ 

point A, and are shown by the chain ^^^ 43.-Fokoi»s Acting 
aottea lines. on Continuous Tib-Beam. 

Solution of the Fifth Method. — In this arrangement of bars 
(Fig. 43a) if the joint F G H P O N descends through a small 
distance (say 1 inch) then the joint O P A of the tie-beam will 
descend 1 inch, the joint A M will go up 1 inch and the joint 
M C D N O will rise 1 inch. Now, all this will take place irre- 
spectire of the rafters and tie-beam being of equal or of unequal 
yieldingness. 

Tieldingness. — Two springs are of equal yieldingness, when 
they stretch through the same amount under equal loads. 

One spring would have a yieldingness of three times another, 
if the first extended three times the amount that the second 
stretched under the same load. 

Further, if two springs of equal yieldingness are attached to 
the same load, so that they each extend through the same 
amount ; then each spring will carry one half of that load. But, 
if two springs of unequal yieldingness are attached to the same 
load, so that they each extend through the same amount ; they 
will each carry a share of the load inversely proportional to their 
yieldingness. Suppose we have two springs, the first one 
stretches say 1 inch under a load of 3 lbs., while the second 
one extends 1 inch under 1 lb. ; then, if these two springs 
are set to carry a load of 4 lbs., they will each extend 1 inch 
and the first spring will carry 3 out of the 4 lbs., while the 
second will carry the remaining 1 lb. 

The above remarks apply equally to bars supporting a load 
between them, whether they are under a similar kind of stress 
or not. For example, suppose abeam is jointed to a rod attached 
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to a right point above it; then, their yieldingness would be 
measured by the amounts they would each come down under 




Fig. 43a. — Feame Diagram. 
QuBBN Post Feame, with Rafters aitd Tie-Beam Continuous. 

the same load, as applied 
to each separately at the 
point where ' they are 
jointed to each other. 

Referring to the Frame 
Diagram, Fig. 4:3a, we 
shall assume in the first 
place, that the yieldingness 
of the rafter at the centre 
in a vertical direction, is 
the same as the yielding- 
ness of the tie-beam at the 
joint O P A, also in a ver- 
tical direction.* There- 
fore, whatever is the 
amount of the vertical 
component of the distort- 
ing force, they will each be 
subjected to the same stress. 
Before we can do anything to the Stress Diagram, Fig. 436, 

we must first find what amount of the distorting force passes 

into M and O P in Fig. 43a, on the assumption that the rafters 

are freely jointed at their centres. 

Figs. 44a and 446 show how this is done. In the Frame 

Diagram, the force QG is the difference between the loads CD 

* This does not mean that the rafter and the beam have equal rigidity. 




Fig. 435.— Stress Diagram. 



QUEEN POST FRAME. 
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and PG in Fig. 43a, and GH is the same as in that figure. 
Now draw the Stress Diagram, Fig. 446, in a similar manner to 
Fig. 426. That is, Q G and G H are drawn to the same scale as 
tlie line of loads in Fig. 436, when T will coincide with Q. Draw 
T U parallel to the bar T U, Q S to Q S and H V to H V. The 
pull S U is equal to the push IT V ; therefore S and V are at the 
intersection of Q S and HY. Then S U drawn parallel to the 
bar S U completes the Stress Diagram, Fig. 446. 

The lengths of S U and U V, give the stresses in the Queen 
Rods S XJ and TJ V, on the assvimption that the yieldingness of 
the rafters is infinitely large. But, the rafters have the same 
yieldingness as the tie-beam and therefore only half of the dis- 
torting forces will pass to the tie-beam. This means, that the 
pull in the Queen Rod M O and the push in the Queen Rod P, 
are equal to one-half of S U and U V respectively. 





Fio. 44a.— Frame Diagram. Fio. 445.— Stress Diagram. 

Frame Carrying Distorting Forges only. 

In the Stress Diagram, Fig. 436, H P^ and Mj, are drawn 
parallel to H P and M of Fig. 43a until they intersect. MjO 
is drawn parallel to M O and A X is a horizontal line through A. 
On the line MjO mark off two points O and M, where O is as 
much above A X as M is below it and the distance M is equal 
to one-half of S U. This fixes the points M, O and P of the 
Stress Diagram, because P coincides with M. 

Now, draw D N^ and F N^ parallel to the bars D N and F N 
until they intersect at Nj. Through Nj draw NjN parallel to MjO. 
Then draw O N parallel to the bar N, and we shall have found 
all the points in the Stress Diagram, Fig. 436. On joining G with 
M ; H with P ; D with N ; F with N ; O with A ; M with A ; 
and P with A we finish the Stress Diagram. The dotted lines 
represent the Stress Diagram when the yieldingness of the 
rafters is less than that of the tie-beam. 

Divide S U into two parts, having the ratio to each other 
that the yieldingness of the rafter bears to the yieldingness of 

3 4 
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the tie-beam. Then OjMj will have the smaller length as its 
value, if the yieldingneas of the rafter is the smaller; and OjMj 
will have the larger length of S U if the yieldingness of the tie- 
beam is the smaller. For example, let the tie-beam be twice as 
yielding as the rafter. Then divide S U in the proportion of 2 
to 1 — i.e., into three equal parts — and make OgMj equal to one 
of the three parts ; keeping in mind, that O2 is as much above 
A X as Mj is below it. 

Recent Framed Structures and Practical Application of the 
King-Rod or " English " Truss. — The following four figures, 46, 
47, 48, and 49, will prove of interest to the student as illustrating 
the latest type of framed structure adopted for roofs. These 
were designed and made by Sir William Arrol & Co., Limited, 
for the extension of their own works in Glasgow. The author is 
indebted to the firm for kindly supplying the drawings from 
which these figures were specially made by the publishers of 
this book. 

This form of roof, as shown by the sectional elevation is 
suitable for spans up to 60 or 70 feet, and has been extensively 
adopted for railway stations. The verticals are made of angle 
iron 3 inches x 2| inches x ^ inch, whilst the inclined members 
are made of two angle irons of the same dimensions. The purlin 
at the top and at the bottom of the rafter is formed of one angle 
iron 3^ inches x 3 inches x -^ inch ; whilst the double purlins, 
which are placed at intermediate positions along the rafters, are 
formed of angle irons 3^ inches x 3 inches x ^ inch. 

Wind bracing is efiiected by horizontal angle irons 3 inches x 3 
inches x § inch, connected diagonally across the span between 
each second column A at the level of the roof truss. 

It will be observed, that this design of structure gives a 
complete clear space from the floor to the roof truss. It affords 
perfect freedom for the manipulation and assembling by the 
electric travelling crane of the various parts which may have to 
be constructed under the main building. 



PRACTICAL APPLICATION OP THE KING-ROD TRUSS 
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Fio. 46.— Detail Dimensioned Views of Roof and 
Cbanb Girdebs. 
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Pio. 47. — Detail Dimensioned Views of the Upper and 
LowEii Farts or Columns A A. 
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Fig. 48. — Cboss-Seotion of BniLDiNO, by Sib Wm. Arrol & Co. 




Fig. 49. — Sectional Elevation of Building on Columns A. A. 
(Extenaion of Sir Wm. Arrol & Co. 'a Glaagow Works.) 
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LBOT0EE III.— Questions. 

1. Explain and prove the rule for obtaining the resultant of the stresses 
in all the bars of a frame crossing any given section. In Fig. 37a what is 
the resultant of the stresses in the bars AF, FK, and also in the bars 
A M, M N, and N F ? 

2. The dimensions of an iron king post truss for a roof are : — Span, 20 
feet ; height, 7 feet ; distance between trasses, 8 feet. The roof weighs 12 
lbs. per square foot. Find the stresses in each part. 

3L In the above question find the stresses when the wind causes a pres- 
sure of 30 lbs. per square foot on one slope. 

4. Explain the dinerences caused in the stresses by the different methods 
of completing a queen post frame. Mention some of the advantages and 
disadvantages of each. 

5. A queen post roof has a span of 30 feet,, and is 10 feet high. The roof 
weighs 10 lbs. per square foot, and the principals are 10 feet apart. Find 
the several stresses if the rafters and tie-beam are continuous. 

6. If there is a wind pressure of 25 lbs, per square foot on the roof in 
Question 5, find the stresses in the bars. 

N.B. — See Appendices B and Cfor other questions and answers. 
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the weights and wind forces are specified. 




Lecture III.— A.M.Inst.C.E. Exam. Questions. 

1. Give a reciprocal diagram of the stresses in the bars of the roof shown 

in the sketch, loaded with 2 tons 
at each joint of the rafters. 

(I.C.E., Oct., 1897.) 
2. Show how to find, graphic- 
ally or otherwise, the loads borne 
by the supports of a roof when 
Give an example. 

(LC.E., Oct., 1897). 
3. Draw a diagram of stresses for the roof frame shown in the fig., when 

carrjdng a vertical load of 2,000 lbs. 
at each of the joints h, c, d, and e, 
and 1,000 lbs. at a and /, and a 
nniformly distributed normal wind- 
pressure on the left side 6,000 lbs. — 
assuming all the joints to be flexible. 
Show for each bar whether the stress 
ispushorpull. (I.C.E., i?'e6., 1898.) 
4. In the "queen" truss used for 
iron roofs of large span, the straight 
rafters and horizontal tie-rod are oonneoted by a triangulation of equi- 
distant vertical suspending rods and diagonal struts ; find the stress on 
each member of the truss when the load on the roof is uniformly 
distributed. (I.C.E., Oct., 1899.) 

5. Sketch the common king-post truss employed in roofs of small span, 
and explain how the stress on each member is calculated, so far as is due 
to roofing material of given weight per square foot. (I.C.E., Feb., 1900.) 

6. Describe the action of wind-pressure on a roof. In the last question, 
assuming the upward reaction of one of the walls on which the roof rests 
to be vertical, find the stress on each member due to wind-pressure of 
known amount. (LCE,, Feb., 1900.) 

7. In a bowstring bridge the platform is suspended by vertical sus- 
pending rods, without diagonal bracing, from a pair of parabolic arched 
ribs which may be assumed to be jointed at crown and springing. Describe 
the straining actions produced in the ribs by a load at the centre of the 
bridge and calculate their maximum values. Explain the object of the 
diagonal bracing introduced in practice. (I.C.E.. Feb., 1900.) 

8. A load of 1200 lbs. hangs suspended at a point, B, by a pair of ropes, 
B A and B C, to the two points of attachment, A and C, on the underside 
of a sloping rafter. The ropes, B A and B C, are each 16 feet long, and 
the rope, B A, is horizontal, while the point, C, is 8 feet higher (measured 
vertically) than the points, A and B. Find the direct pull in each of the 
ropes, B A and B C. (I.C.E., Oct., 1900. ) 

9. Show with the help of an example how you would proceed to deter- 
mine the stresses in the members of a simple roof-truss, produced by a 
given horizontal wind-pressure, and also the reactions on the points of 
support (the horizontal reaction is supplied by the right-hand wall). 

(LCE., Oct., 1901.) 
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10. If you were supplied, for a given roof-truss, with a table of the 
maximum stresses due to the dead load, and also those due to the wind- 
pressure, how would you proceed to select the working stresses per square 
inch which it would be safe to allow in each bar? Explain fully the 
reasons for any method you adopt. (I.C.E., Oct., 1901.) 

11. Show with the help of an example how you would proceed to 
determine the stresses in the members of a simple roof -truss, produced 
by a given horizontal wind-pressure, and also the reactions on the points 
of support ; the horizontal reaction is supplied by the right-hand wall. 
(I.C.E., Oct., 1901.) 

N.B. — See Appendices £ and 0/or other questions and answers. 
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Contents. — Wharf Crane — Example I. — Common Jib Crane — Balanced 
Jib Crane — Derrick or Scotch Crane— Foundry Crane — Shear Legs — 
Example II. — 130 -ton Steam Crane — Tables of Dimensions and 
Weights of 130-ton Crane^Examples III. and IV.— Questions. 

Wharf Crane. — Suppose, as in Fig. la, that a single movable 
pulley carries the load W. Then, neglecting friction, the pull 
throughout the chain will be one half of W. Again, assume 
that the pull of the chain acts at the centre of the pulley or 
barrel round which it may be passing. In the Frame Diagram, 
Fig. la, the external forces acting on the frame are all duly 
indicated. At the Jib end, there are two forces — viz., the 
pull of gravity DE, on the supported mass, acting vertically 
downwards and the force D, due to the pull in the chain 
which is assumed to be parallel to the tie-rod CH. At the 
top end of the vertical post, there are the forces B C and A B 

acting as shown, which are 
both due to the puU in the 
chain on the pulley at the 
post head. There is also a 
force acting at the centre of 
the barrel along the crane 





Fig. la. — Fbamb Diagram. Fig. 16. — Stkkss Diaqbam. 

Whaet Cilvitji. 

post. This force must be tra,n8ferred to the footstep as shown 
and is called E F in the diagram. There is also a pressure 
transmitted by the sole plate to the vertical post. This pressure is 
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assumed to have its line of action horizontal and is lettered G A. 
Finally, we have the action of the footstep on the lower end of 
the vertical post. 

The three forces D E, F G and G A, must form a system in 
equilibrium. Therefore, since the lines of action of D B and 
G A are known, if we produce them to meet in 0, then the line 
of action of F G is known because it must also pass through 0. 

The Stress Diagram, Fig. lb, may now be drawn. Draw 
the line of loads A B, BO, CD, D E, and E P. Now, draw 
F G parallel to the line of action of the force F G and A G 
parallel to the line of action of the force A G. These 
close the External Force Polygon. Then if H and E H 
be drawn parallel to the bars C H and E H 
respectively they fix the point H. The line A 

joining the point A with the point H is the V5>r''H 

finishing line of the Stress Diagram. This line 
is not parallel to the bar A H because the bar 
A H is subject to bending. 

In Fig. 2, we have a representation of the 
forces acting on the vertical post ; from which, 
we can determine the bending, tension, and 
compression stresses in the crane post. 

The lengths of the lines H and E H in the 
Stress Diagram, Fig. 16, give the stresses in the 
tie-rod and jib respectively. The horizontal 
component of G F gives the shear on the bolts 
of the footstep and G A the shear on the bolts g^ 

of the sole plate. 

Example I. — In a wharf crane iiie post, tie- Fia. 2.— Foeoes 
rod, and jib measure 15, 20, and 30 feet respec- Acting on 
tively, what would be the nature and amount ^ov^Grase^^ 
of the stresses in each of the three members 
when a load of 7 tons is suspended over the pulley at the jib 
head, (1) when the lifting chain passes from the pulley to the 
drum or barrel parallel with the jib, (2) when the drum is 
placed so that the chain passes from the jib head parallel with 
the tie-rod? (S. and A. Exam., 1890.) 

Answer. — First, draw to scale a Frame Diagram ABC, as 
shown. This will be coincident with the centre lines of the 
different members of the crane. 

Case (1). — Here the lifting chain passes from the pulley at the 
jib head parallel to the jib, and, neglecting the friction of the 
puUey, we shall have two equal external forces at the joint 
due to the tension in the two parts of the chain. 

In order to draw the Stress Diagram, we may first proceed to 
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determine the resultant of these two forces and consider it as a 
single external force applied to the joint C, and then draw the 
triangle of forces. Or we may at once draw the polygon of 
forces for the joint. Thus, draw bd to represent the load of 7 
tons, and d a equal to b d, and parallel to A, to represent the 
tension in that part of the chain over the pulley ; then drawing 
a a and b c respectively parallel to A and B C, we determine 
the point c, and therefore the magnitude of the stresses in the 
jib and tie-rods. These will evidently be compression and ten- 
sion respectively. If we join 6 a we obtain the resultant 
external force at the jib head, and bac will be the triangle of 
forces determining the same stresses as above. 

The nature and amount of the stress in the post will depend 
on the mode of fixing it. It is evident that the pull 6 c in the 
tie-rods may be resolved into a vertical component b e, producing 
tension in the post, while the horizontal component e o repre- 
sents the force tending to bend the post round A. 

Case (2). — Here the chain passes from the pulley parallel to 
the tie-rods. We proceed as before, and draw 6 d to represent 
the pull in the part of the chain above the pulley, and da the 
pull in the vertical part of it, then a e and b c drawn parallel to 
A and B C respectively, determine the point c, and represent 
the stresses in the jib and tie-rod. Again joining 6 a, we see 
that this represents the resultant external force at the pulley. 
The remainder of the diagram is the same as in Case (1). 

The magnitudes of the different stresses are shown on the 
diagrams, and enable us to compare the relative merits of the 
two arrangements. Thus, if we suppose the load to be sus- 
pended from the end of the jib without the intervention of a 
pulley, we get bdcin Case (1), or dac in Case (2) as the corre- 
sponding Stress Diagram. The effect of introducing the chain 
and pulley is in Case (1) to increase the thrust in the jib by 7 
tons — i.e., the pull in the chain — without affecting the pull in 
the tie-rods, while in Case (2) the effect is to diminish the pull 
in the tie-rods by the same amount — 7 tons — without increasing 
the thrust in the jib. Thus, other things being equal, Case (2) 
is the better arrangement. 

Common Jib Crane. — In the common Jib Crane represented 
in Fig. 3, the movable pulley has one sheave, and the chain 
passes direct to the barrel from the Jib-head. The barrel is 
carried by the cast-iron framing. There are two tie-rods in- 
clined at an angle 6 degrees to the centre line of the crane as 
shown by the plan of the tie-rods. We assume the cast-iron 
frame to be freely jointed where the tie-rods and the jib meet 
it, and also where the horizontal part meets the upright post. 
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The forces acting on the frame of the crane are indicated in 
Fig. 4a. At the Jib-head there are the two forces W and ^ W. 
At the point in the bar GH, representing the centre of the 
barrel, there is a force J W, indicated by the dotted line and 
arrow head. The lines of action of the dotted force and the 




Fig. 3.* — Odtline Diaobau of Common Jib Crajtb. 



force B C are coincident. They lie along the line joining the 
centre of the Jib-head pulley and the chain barrel. 

We have here an example of a force acting at a point in a 
bar. The force acting at a point in the bar Gr H as represented 

* The Plan of the Tie- Rods of this crane has been drawn to a larger scale 
than the crane itself. 
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by the chain dotted line, is replaced by the two equivalent 
parallel forces D E and A B applied as shown. Their magni- 
tudes will be inversely as the lengths into which the bar GH is 
divided while the sum of their magnitudes is ^ W. 

Before beginning the Stress Diagram, we must first determine 
the values of A B and D B. Lay down a line to measure J W 
and divide this line in the same proportion as the bar G H is 
divided by the line of action of the dotted force. Then, these 
two parts will measure to the same scale as the whole line, the 
respective values of the forces A B and D E. The greater force 
is placed at the end of the shorter division of G H. 

As in the last crane, the pull 
of gravity D on the supported 
mass, the pressure of the sole- 
plate E F on the upright and the 
reaction of the footstep F A on 
the upright, are in equilibrium 
and therefore their lines of action 
all pass through one point O. 





Fio. 



4a.— Fkame Diagram. Fig. 

Common Jib Crane. 



46.— Stress Diagram. 



The line of action of B F is assumed to be horizontal and the 
line of action of C D to be vertical. In the Stress Diagram, Fig. 
46, we first draw A B, then B C, C D, and D B. This completes 
the line of loads. Now, from E draw E P parallel to the line of 
action of the pressure E F ; and, from A draw A F parallel to 
the line of action of the reaction A F. These two lines deter- 
mine the point F and complete the External Force Polygon. 
Then, draw BH and DH parallel to the tie-rod BH and the 
jib D H respectively. These fix the point H. Draw H G and 
EG parallel to the bars H G and E G. This fixes the point G. 
On joining C with G the Stress Diagram is completed. 

BH in Fig. 46 represents the stress on the tie-rod, on the 
assumption that there is only one tie-rod lying along the centre 
line of the crane. We require, therefore, to resolve this stress 
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into two components, one along each tie-rod. This is done in the 
Stress Diagram by drawing from H and from B lines H M and 
B M each making an angle with B H of tf degrees. Then the 
lengths of H M and B M measure to scale the stresses in the 
tie-rods. 

Balanced Jib Crane. — The balance weight B W acting at G, is 
usually mounted on rollers in order that it may be moved nearer 
to the central post A when the load W is reduced. In this way 
the moments of the load and balance weight may be kept in 
equilibrium and thus prevent any undue bending action on the 





Fio. 5i — BALiNCED Jib Cbans. 

post at A. We may here remark that the balance weight BW 
at G and the load W at C are not necessarily equaL 

A single movable pulley carries the load "W and therefore the 
tension throughout the chain is ^W. We assume that bars 
join B with T> ; D with A ; A with B ; and A with H. These 
are all indicated in the Frame Diagram of Fig. 5. The line 
joining the centre of the pulley C with the centre of the chain 
barrel E is considered as the line of action of the stress in the 
chain. From the plan it will be seen that there are two tie-rods 
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inclined to each other; these rods are often made continuous 
from to H. 

The load of J W acting on the bar F G, Fig. 6a, is divided as 
explained in the previous example into forces B and K. A. If 
W is known, we can find on completing the Stress Diagram, the 
magnitude of the balance weight A B required to balance the 
moment of the load W about the joint F G E K A. Or, if the 
balance weight be moved nearer the crane post we can find what 
weight may be placed in the crane hook. 




central 



Fig. 6a. — ^Framb Diagram. Fiq. 66. — Stress Diagram. 

Balanced Jib Crank 

We begin the Stress Diagram, Fig 66, with the line B 0, 
then C D, and D E. "We next find the point H, then, G, F, A, 
and finally K. 

The actual stress in the tie-rods is found, by drawing H M 
and CM at an angle with H 0, equal to half of the real angle 
between the tie-rods, as previously explained. From F and B 
draw F P and B P inclined to F B at half the angle between the 
parts of the tie-rods carrying the balance weight. If the tie-rods 
are continuous, then H M and F P are parallel. 

Derrick or Scotch Crane.* — In Fig. 7, AB 
upright post, capable of turning round 
A and B. B is the jib and A C the 
tie-rod, which is usually a chain for 
raising or lowering the jib. The ver- 
tical post A B is kept upright by the 
back stays A E and A E^ These 
stays are sometimes anchored to the 
ground, but are generally attached to 
the bars B E and B E^. Boards are 
placed over these bars and stones or pig 
iron are placed thereon to act as counter- 
weight to the load W. This crane is similar to that in Fig. 5, in 




Fig. 7, — Derrick Crane. 



' See figure at end of this Lecture. 
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that back balance weights are used. The weights in Fig. 7 are, 
however, not required to be made movable in order to pro- 
duce a moment round B equal and opposite to the moment 
of W round the same point. This is due to the fact, that 
the under sides of the bars B E and B Ej^ rest upon the ground, 
and, therefore, no matter how much the moments of the balance 
weights round B may exceed the moment of the load, there is 
no bending stress produced on the pivot at B. 

The chain carrying the load W is usually parallel to the 
tie-rod A C. It then passes round a pulley at A and down to 
the barrel on the upright post. 

By reference .to the Stress Diagrams, Figs. 16 and 66, the 
Stress Diagram for Fig. 7 may be drawn. When the plane of 
the triangle A B C in Fig. 7, coincides with the plane of the 
triangle ABE, the stress in A E will be a maximum, the 
stress in A E^ will be theoretically zero, and the weight required 
at E may then be found. Similar considerations will give the 
stress in A Ej and the weight required at Ej. 

Let the plane of the triangle ABO now occupy any inter- 
mediate position between the planes of the triangles ABE and 
A B Ej. Then the stresses in A E and' A Ej, may be found by 
producing the plane of the triangle A B C to intersect the planes 
A Ei E and E^ B E in AD and B D. TSTow proceed to find the 
stress in A D as if D were anchored to the ground, then resolve 
this stress along the stays A E and A Ej^, as explained for the 
inclined tie-rods of the two previous examples. The angle 
Ej B E is usually a right angle. 

Foundry Crane. — The Frame Diagram, Fig. 8a, illustrates the 
arrangement of the parts of this type of crane. The pulley 
carrying the load W is attached to a small bogie running 
between two parallel horizontal beams. The external forces 
acting on the crane are F G, G A, A B, C D, E P (each equal to 
W), B 0, and D E. The external force A B balances E F, and 
D balances G A, therefore the remaining external forces B 0, 
D E, and F G form a system in equilibrium. Their lines of 
action will pass through one point O, and their magnitudes may 
be determined by the triangle of forces. These results may be 
made use of in drawing the Stress Diagram, Fig. 86. Commence 
by drawing B F, P G, G A, and A B all equal in magnitude to 
W, and parallel to their respective lines of action. If we draw 
B C parallel to the line of action of the force B C, so as to inter- 
sect the line through E parallel to the line of action of the forces 
C D and D B in the point C, then by marking off C D equal to 
W we complete the external force polygon. 

The stress in A H will be unaffected by raising or lowering 
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either the footstep or the bearing at the top, so long as the line 
of action of the load and the position of the joints 1, 2, and 3 
remain unchanged. Let us suppose that the footstep coincides 




Fio. 8a.— Frame Diaobam. Fig. 86.— Stress Diaoram. 

FouHDRT Crane. 

•with the point 1, and the bearing at the top with the point 3, 
then the line of action of the stress in C H will be along the 



X 



-X 



Fig. 10.— Forces Acthtg on Jib 
WITH Pdllby at Point 4 on Fio. 8a. 



"B 

Fio. 9.— Forces Actino on 
Upkioht of FonNDRY 
Crane. 



f/h h^' 



J^ 



Fig. 11.— Forces Acting on Jib 

in Fig. 8a with Pulley 

AT Fnd as same. 



centre line of the bar H, while the line of action of the foot- 
step reaction B Cj -will pass through the point 1 and the centre 
of the pulley carrying the load. 

3 5 
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In the Stress Diagram, Fig. 86, draw BC, through the point 
B parallel to the line joining the point 1 with the centre of the 
pulley carrying the load, so as to cut the line C D in the point 
Cj ; then by drawing Cj H and A H parallel to the bars C H 
and A H respectively, we determine the point H. Finally, C 
joined with H finishes the Stress Diagram. When the pulley 
carrying the load occupies the position represented by the point 
4, then Cg, Dg, and Hj (found in a similar manner) are the 
corresponding' points in the Stress Diagram. 

Fig. 9 represents the forces acting on the upright, which 




Fia. 12. — Bussell's Patent Sheer Leos. 

produce bending, tension, and compressive stresses, for the case 
when the movable pulley is at the end of the horizontal jib. 

In Figs. 10 and 11, if the maximum bending moment in each 
case be the same, then the point 2 in Fig. 8a has been so chosen, 
as to make the bending moment on the horizontal jib have its 
least value whilst the pulley carrying the load passes from one 
end of the jib to the other. (See Ques. 41 of Hons. S. & A. 
Exam, in Machine Constn., 1890.) 

Sheer Legs. — A common appliance for lifting engines and 
boilers into ships is the sheer legs or sheers. The illustration 
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shows one that has been erected at West Hartlepool by Messrs. 
George Bussell & Oo., of Motherwell, for a load of 80 tons over- 
hung 38 ifeet 6 inches. It consists of two tubular front legs, 
each 105 feet long, swinging upon pins at their lower ends, 
and connected together at the top, which is supported by a 
hollow stay or back leg. This stay is fixed to the gunmetal nut 
of a forged steel screw, which rotates inside the back leg. The 
screw is anchored at its lower end, and can be rotated by a 
hydraulic engine. As the screw revolves one way or the other, 
the back leg is shortened or lengthened, and the top is moved in 
or out, as shown on Fig. 13. The total horizontal travel thus 
given to the load is 
50 feet. 6.2 

Chains worked by 
a pair of hydraulic 
engines are used for 
lifting, and there are 
separate chains for 
light and heavy loads. 
The latter chain ope- 
rates a six-purchase 
pulley block. 

In Fig. 13, Aj B is 
the line of the front 
legs hinged at E, and 
Aj that of the back 
leg. The top can 
move between Aj and 
Aj by altering the 
length of A C. The 
vertical Aj D repre- 
sents the load on 
the sheers (80 tons), 
and A-i E the ten- 
sion in the chain, 
(•J- of 80 or 13J-tons since there are six chains supporting the 
load). Draw E F parallel to Aj D, and D F parallel to Aj E. Then 
Aj F is the resultant force to be balanced by the stresses in the 
legs A;^ B, Aj C. Draw F G parallel to Aj C, and meeting Aj B 
produced, if necessary, in G. Then Aj G (160 tons) is the com- 
pression transmitted to the front legs, and F G (76 tons) the 
tension in the back leg. As the two front legs are not parallel, 
we must, in order to determine the actual stress in each, draw a 
second figure, as shown at the right-hand side. Here H M is 
equal to half A^ G, and K H M and L H M are each half the 




Fig. 13.— Combination of Frame and Stress 
Diagrams por Fig. 12. 
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angle between the front legs. K L being drawn perpendiculai 

to H M, we obtain H K and H L (82 tons) as the compression 

in each leg. 

ExAMPLK II. — The foot of a uniform derrick pole of weight 

2 cwts. rests on the ground, and the pole carries a weight of 

1^ tons suspended from its upper extremity. The length of the 

pole is 20 feet, and it is kept in position by a guy rope fastened 

to the ground 10 feet to the rear of the foot of the pole and 

25 feet in length. Find by construction or otherwise the tension 

of the guy rope. 

Answer. — In 

the figure, L H 
is the derrick 
and K H the guy 
rope. The weight 
of the derrick acts 
at its centre, and 
may be replaced 
by 1 cwt. at each 
end, so that the 
total load in the 
upper end may be 
taken as 31 cwts. 
This is the force 
A B on the Frame 
Diagram. For 
the Stress Dia- 
gram draw A B 
parallel to the 
force A B and 
equal to 31 units. 
MakeBGparallel 
to the pole and 
AC to the guy 
rope. Then, A C is the tension in the guy rope and is equal to 
25 cwts. and B C ( = 53 cwts.), the compression in the pole. 

This problem could have been solved by the Principle of 
Moments, as follows : — 

Let T be the Tension in the guy rope. 
„ w „ Weight of the pole. 
„ W „ Weight hung from pole. 

Drawing LN perpendicular to K H and taking moments 
about L (in the first figure), we have :— 




^ ioft. ^ 

Deebick Pole. 



EXAMPLE II. — STRESSES IN A DERRICK POLE. 



69 



Or, 



T X L N = W X L D + to X L E 

_ „. LD LE ,„^ . ,LD 



From Euclid II., 12, we have : — 



LD = 



KH2-KL5-LH2 625-100-400 



2KL 



20 



S-25 ft 





K^ 10ft $» L 

Stresses in a Debbick Pole. 

Also, L N X K H = twice triangle LKH = HDxKL 
Or, L]SrxKH = (VLH2-LD0xKL 



'25" 



Or, 

Hence, 



LN = gV361=y = 7-6ft. 

6-25 31 X 6-25 



T = (30 + l)yg- = — j:^ — = 25-5 cwts. 



70 LECTURE IV. 

130-Ton Steam Crane.* — As an example of a very large crane 
we have illustrated, in the plate appeanng on the opposite page 
to this, the 130-ton steam crane erected for the Clyde Trustees 
at Finnieston Quay, Glasgow, by Messrs. Cowans, Sheldon, <fe Co, 
Limited, of Carlisle. A similar crane has also been put up 
at the new Cessnock Dock, Glasgow. The jib of this crane ia 
made up of two steel tubular girders braced together by diagonal 
and cross stays. The tension rods have been sawn out of solid 
steel plates, and were not heated during their manufacture. 
They are connected to the jib by stays at intervals along their 
length. The foot of the jib is attached to one of the bottom comers 
of a large vertical triangular frame, and the tension rods to the 
upper corner, while the back one supports the balance weight 
which is placed between the two sides of the main framing. 
The boilers and .engines are also placed within this framing, 
which is covered in so as to form an engine-house. The whole 
is fixed on the top of a circular base, which can rotate around a 
large central pin, and rests on steel rollers running on a steel 
pathway on the top of the foundation. There is also a roller bearing 
between the base and top of the centre-pin. The foundation, 
which is square in plan, is of concrete with granite corners and 
cope, and is supported on twenty-two concrete cylinders sunk 
into the sand. The centre piece of the crane is fixed to the 
foundation by six steel bolts cottered to washer plates in a 
tunnel inside the foundation. 

There are two separate lifting blocks, the one for heavy, and 
the other for light weights. Each of these can be raised or 
lowered at two different speeds. Separate engines are provided 
for each of these blocks, and for rotating the crane. AU three 
sets of engines have two cylinders with cranks at right angles, 
so as to start from any position. Steel wire ropes are used for 
hoisting instead of chains. The heavy weights are taken on an 
eight-purchase pulley block, and the light weights on a double- 
purchase pulley block. All the gearing, up to 24 inches dia- 
meter, is of cast steel, and the remainder of a mixture of cast- 
iron and steel. Gun-metal bushes are used throughout. 

The crane is provided with a 160-ton Duckham hydrostatic 
weighing machine, and was tested by loading it with 150 tons of 
steel rails. Its radius of action is 65 feet, and the total lift is 
100 feet. 

The following tables show some of the leading dimensions and 
weights : — 

* For a complete description of this crane see Engineering, June 9, 1893. 
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130-TON CRANE AT GLASGOW HARBOUR. 

The factors of safety allowed in the diflferent parts are : — 

T 

Main framing, jib, tension rods, &c., ... 6 
Wire ropes, ....... 8 

Centre holding down bolts, to allow for rusting, . 12 
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Fig. 14.— Stress Diageam por ISO-Ton Cbanb. (Test Load, 150 Tons.) 

The accompanying figures show the Stress Diagram for the 
crane when loaded with 150 tons, or, including the weight of the 
gin block, 157 tons in all, and also for a gross load of 71 tons. 



74 



LECTURE IV. 



Fig. 14 is the Stress Diagram as worked out by the makers. 
Fig. 15a represents the Frame Diagram and Fig. 156 the Stress 
Diagram worked out for the Test Load as we have treated the 
previous cranes — viz., all in one figure. 

First, find the values of the Forces D E and A B in Fig. 15a 
as already explained. Then begin the Stress Diagram with the 
force A B and follow with the forces BO, CD, D E, E F and 
F G. Now E L' and O L fix the point L ; B H and C H the 
point H ; H K and L K the point K ; K N and G N the point 
N ; and N M and A M the point M. 




100' Ion: 



Fio. 15a.— Fkahk Diaobam. Fio. 156. — Stbess DiAoiuif, 

130-Ton Cbaite Wobeed odt as in the PsEvions Examples. 



The stress E L is borne by the two tie-rods and L O and E 
represent the stresses in each tie-rod. The stress G L is divided 
over the two jibs, consequently LP and GP represent the 
stresses in each jib, as already explained. 

The stress A M is divided over half of tha holding down bolts 
and N M over the otter half. The point about which the crane 
tends to topple over is the joint K L G N. 

Example IIL — A tripod whose vertex is A, and whose legs 
are A B, AC, AD, of lengths 8, 9, and 10 feet respectively, 
sustains a load of 2 tons. The ends B, C, D form a triangle, 
whose sides are BC = 7 feetj CD = 6 feet, BD = 8 feet, find 



EXAMPLE tri.^ — STRESSES TN A TRIPOD. 
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by graphical construction the compressive stress in each leg. 
(S. and A. Exam., 1889.) 

Answke. — Hitherto we have dealt only with forces in oneplane, 
or symmetrical with respect to one plane. Thus, in the case of 
the sheer legs, in determining the compression on the front legs, 
we first found what would be the compression on an intermediate 
leg in the same plane as the two replaced, and equally inclined 
to both. This hypothetical leg would be in a vertical plane 
containing the back leg and the externally applied force, and 
evidently the stress in the back leg would not be affected by 
the substitution. In the present example we must find the 




B TJ 

Stresses in a Tripod. 

corresponding intermediate leg, so that if the load be supported 
by it and the third leg, the stress in the latter will not be 
altered. It will be in a vertical plane containing the third leg, 
and will be represented by the line of intersection of this plane 
with that of the other two legs, hence the following solution : — 
Draw BCD the triangle formed by the feet of the tripod ; to 
find the plan of the vertex, draw the triangle D A,, making 
C Aj and D A^ equal to C A and D A respectively. Similarly, 
draw the triangle AgCBj then A^A drawn perpendicular to 
D, and Aj A drawn perpendicular to C B, will give by their 
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intersection the plan of the vertex A ar,rl w= 

plete the nlan TU^ ,,„ J.- 1 ^r'^®^ ■^' and we may now com- 

ut; tne line J3 m a point H lying on thfe line B A produced; 




Tripod for Latino PrPEs. 
flu. wo g.. A.H, A.B, „d .h, .i.pli«l°te ifilf .t 



TRIPOD AND HAND DEBRICE CRANE. 77 

plane. The stress in the leg A B will be represented by A3 G, 
and the resultant stress in the legs A C and A. D — i.e., the stress 
in the hypothetical leg AH by A F. Dividing this between 
the actual legs by the triangle of forces A, M K, where Aj K = 
A F, we get the stress in AO represented by M. K, and that in 
AD by Aj M. The respective values are marked on the 
diagram. 

As a practical example of the use of a tripod, we illustrate a 
form much used — in laying water and other mains — for lowering 
large pipes into position. Two of the legs are braced together, 
and carry a winch which may be used in conjunction with a 
block and tackle. The pipe is rolled on to wooden beams laid 
across the drain, and the tripod then placed in position over 
it. The pipe is slightly raised by means of the winch, and the 
wooden beams removed, when the pipe may be lowered with 
ease. 

We also illustrate a simple hand crane as used by contractors 
for building, &c. It is of the kind discussed in connection with 
Fig. 7. 



tUND Dekkick Ckank. 
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ExAMPiiB rv. — Calculate the main dimensions for a set of four folding 
tubular shear legs to fulfil the following conditions : — (1) To stand 15 feet 
high when the feet are set on a circle of 3'5 feet radius ; (2) to safely 
sustain a load of 4 tons ; (3) the load to be lifted by means of a differential 
pulley block ; (4) the tops of the legs are to be connected by a mild steel 
pin which passes through the eyes of all four and also through the sling 
hook ; (5) the legs are to be made of ordinary welded wrought-iron steam- 
pipe J inch thick, and are not to be braced in any way. (From Technics.) 

AirswEB. — ^If we assume that the load is such as may require to be 
drawn to one side after a vertical lift, it is possible that, nearly all the 
load will be supported by one leg. Conse- 
quently, we can, therefore, take it that, the 
whole load may come upon one leg. 

Since the legs are 15 feet high, when stand- 
ing on a. circle of 3*5 feet radius, th e true 
length of each leg will be ,JW+Z^=\5-4: 
feet. Hence, if we draw a triangle, to any 
scale, with a perpendicular to represent 
15 feet ; and a base and an hypotenuse to 
represent 3*5 and 15 '4 feet respectiyely, 
then it will serve to give the slope of the 
legs, as well as a triangle of forces. 

Should the load of 4 tons be dragged 
sideways, so that the chain sustaining the 
load lies practically parallel to the shear 
leg, which we are supposing to take the 
whole load, then the magnitude of compres- 
sion can be found by proportion. Thus, 
referring to the triangle of forces — 

Height 15 feet _ 4 tons 

Hypotenuse ~ 15 '4 feet ~" x tons 



4 X 15-4 
15 



= 4-1 tons. 




FOUB FoLDDfO TXTBULAB 

Sheab Legs. 



Now, as the whole load cannot reaUy fall 
entirely on one leg of the shear, the true 
load ■mil be somewhat less than 4*1 tons ; 
say, 4 tons. 

As this is our original figure, we are thus 
led to the simple working rule of designing 
each leg as a strut capable of safely bearing a longitudinal pressure equal 
to the total load to be carried. 

Since each leg will be acting as a strut with hinged or rounded ends, 
the load per square inch will require to be considerably less than the safe 
compressive stress on a cube or ^ort length of the given material, so that, 
this strut can only be designed by a method of trial and error. 

Take (Gordon's formnlte for a wrought-iron stmt with rounded ends, i.e.— 



Crippling load = 



16 tons X area of str ut 
4 / length Y 
2,000 Vdiameter/ 
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TIT 1 • 1 J crippling load 
Working load = , - 5 . t , • 
factor of safety 

Factor of safety = 4 + (^^£x±). 

If we try a strut 6 inches in diameteF we will find that, the working 
load will be about 4 "5 tons, therefore this size of ordinary welded wrought- 
iron steam-pipe will be satisfactory. 

In order to find the diameter of the pin, we may assume that the two 
intermediate legs carry the load, and that the other two legs serve chiefly 
for steadying the shear legs and load. Of course this assumption does 
not at all represent the true conditions to be met with in actual practice, 
but gives stresses not less than the actnaL Also, the mechanical and 
structural conditions may necessitate the centres of the intermediate 
eyes of the shear legs being placed about 6 inches apart. 

Therefore, treating the pin as a beam with a central load, the bending 
moment will be — 

„ ,, Wl 4 tons X 6 inches „. . , 

B M = — J- = z = ton-inches, 

4 4 

The modulus of resistance to bending = R M = modulus of section x maxi- 
mum safe bending stress. 

The modulus of section of a round bar of diameter D = :r^ approximate. 

Take the maximum safe working stress at 7 tons per square inch. 
Then, assuming a diameter of 2 inches for the pin, we get — 

„„ D' _ 2x2x2 _ ^„ ., 
R M = -T^ X 7 = jfj X 7 = 5'6 ton-inches. 

As the pin may bear on the inner edges of the eyes, the effective span 
may be less than 6 inches, so that a pin 2 inches in diameter will be 
sufficiently strong. 

If the pin is strong enough to resist bending it will be quite strong 
enough to resist the shearing forces. The diameter of the pin given here 
may appear excessive, but there is a tendency to design these hinge pins 
as though they were merely to resist double shear under ideal conditions, 
forgetting that, with folding shears the pin is subject to much ill-usage in 
setting up and taking down the shears. 

The above methods are only to be adopted for shears worked by hand, 
because for the larger sizes worked by mechanical means there are many 
intricate conditions involved. 
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LiicTUKE IV. — Questions. 

1. In a model of a crane the jib is 3J feet long, the tie-rod is 3 feet long, 
and is fastened to a point 1 foot vertically above the lower end of the jib. 
What is the thrust on the jib when a weight of 20 lbs. is hung at the upper 
end of it? Ans. 70 lbs. 

2. In a wharf crane the post, tie-rod, and jib measure IS, 20, and 30 feet 
respectively, what would be the nature and amount of the stresses in each 
of the three members when a load of 7 tons is suspended over the puUey at 
the jib head, (1) when the lifting chain passes from the pulley to the drum 
or barrel parallel with the jib, (2) when the drum is placed so that the 
chain passes from the jib head parallel with the tie-rod ? 

3. In a hydraulic wharf crane the height of the post is 6 feet, the jib is 
22 feet, and the tie-rod is 18 feet ; find the horizontal thrust on the post 
when 5 tons are supported. In what way is the friction which opposes the 
slewing motion reduced to a minimum? Ans. 12'24 tons. 

4. Find, either graphically or otherwise, the stresses on the jib and tie- 
bar respectively of a crane, whose jib measures 20 feet in length, when 
the tie-bar and post are 16 feet and 6 feet in length respectively, and a 
weight of 25 cwts. is suspended from the end of the jib. The line of 
direction of the chain after leaving the barrel or drum runs parallel to the 
tie-bar. Also calculate the pressure on the end of the handle of 16 inches 
radius when the weight is lifted, supposing the drum of the crane to be 15 
inches in diameter, and the gearing to consist of a pinion of 12 teeth, gear- 
ing into a wheel with 72 teeth, while a second pinion of 18 teeth gears with 
a wheel of 56 teeth. 

5. A contractor's portable hand crane hag a vertical post A B, to which 
the jib A C is inclined at 45°, and the tension rod B C makes with A B an 
angle A B C of 120°. The back stay from the head of the post B to the 
extremity D of the horizontal stmt A D is inclined at an angle of 45° to 
A D. find the weight of the counterbalance required at D to balance a 
load of 10 tons suspended from the end C of the jib. Determine also the 
nature and amount of the stress on the jib A C, and in the rods BC and 
B D ? (The tension In the chain may be neglected. ) (S. and A. Adv. 
Exam., 1896.) 

6. A jib foundry crane consists of a vertical post A B, 16 feet long, fitted 
with pins working in sockets at both A and B. From the upper end A of 
the post extends a horizontal member A D, 28 feet in length, and from the 
foot B is a strut B C, which meets A D at a point 16 feet from A. A load 
of 20 tons being suspended from D, find the shearing stress on the pin at 
A, and the stress along the strut B C. 

7. A sheer-legs is formed of two sheer-poles B C, D C, each 25 feet in 
length, and secured to a base-plate in the ground at B and D. The wire 
guy or tension rope A C is attached to the ground at a point A, which is 6C 
feet distant from B B. The perpendicular from the top C of the poles 
meets the ground at a distance of 10 feet from the centre of the line B D, 
wliich is 15 feet long. Find by measurement or otherwise the tension in 
tons on the guy when a weight of 20 tons is suspended. Ana. 11 -3 tons. 

8. The jib of a 10-ton crane is inclined at 45° to the vertical, and the tie 
rod at an angle of 60°. Find the thrust on the jib and the pull on the rod 
the tension in the chain being neglected. If the tension in the chain is by 
means of tackle, half the loan and the chain barrel is so placed that the 
direction of the chain bisects the cranepost, find the forces in the jib and 
tie-rod. Graphical constructions may 'be useA (0. & G., 1902, H., Sec. A.) 

N.B. — See Appendices B and Cfor other questions and answers. 



QUESTIONS. 
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Lbctukb IV. — A.M.Inst.C.E. Exam. Questions. 

1. A pair of shear legs make an angle of 20° with one another and their 
plane is inclined at 60^ to the horizontal. The back-stay is inclined at 
30° to the plane of the legs. Find the force on each leg, and on thb stay, 
per ton of load carried. (I.C.E., Oct., 1897.) 

2. A set of shear legs consists of 2 struts, A B set 10 feet apart at the 



ion. 




lower ends (B), and a stay rod AC. Determine graphically the stresses 
in the struts and in the tie when a load of 20 tons hangs from A. 

(I.C.E., ^e6., 1898.) 
3. A weight of 5 tons hangs upon the chain of the bracket or crane here 
sketched. The jib B C has an inclination of 30° with the horizontal tie- 
rod A C ; so that if B C is 10 feet, A B is 5 feet, and A is 8 '6 feet. At 



se n 




C the chain is carried over a frictionless pulley, and led down parallel 
to the jib. Find the stresses in the members A C and B C. 

(I.C.E., Feb., 1899.) 

4. A load is suspended from a pair of sheer legs supported by a back 
leg, the foot of which is moved by a horizontal screw. Show by diagrams 
the stress on each leg when the load overhangs by a given amount, and 
find the resistance overcome by the screw in moving the legs. 

(I.O.E., Oct., 1899.) 

5. In a portable crane stability is obtained by a counterweight placed 
at the end of a horizontal piece stayed to the crane-post in the usual way. 
Show by diagrams the stress on each part of the structure, and the 
magnitude of the counterweignt when a load is simply suspended from 
the end of the jib. (I.O.E., Feh., 1900.) 

6. Explain how you would determine graphically whether five given 
coplanar forces acting at a point are in equilibrium or not. In a portable 
erecting- shop crane the height of the crane post is 8 feet ; angles of back 
stay and jib with crane post, each 45°; angle of front stay with crane post, 
120°. Find, by graphical means, the nature and magnitude of the forces in 
the various parts, and determine the necessary amount of the balance 
weight applied at the extremity of the back stay when 5 cwts. are being 
lifted. (I.C.E., Oct., 1900.) 

.S 6 
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7. In a wall-crane the jib is 10 feet long, and makes an angle of 45° with 
the wall. Determine graphically the position of the tie-rod, so that the 
tension in it may be a minimum for a given load on the crane. Then, 
assuming the tie-rod to be fixed in this position, determine graphically 
(a) the stresses in the tie and jib, when the load of 5 tons is suspended 
from a chain, which passes over a pulley at the junction of the tie and jib 
to some point on the wall, so that it bisects the angle between the tie and 
the jib. (6) How these stresses are a£fected by the position of the chain 
relative to the tie and jib, taking as extreme positions, (i.) when the chain 
is parallel to the tie, (ii.) when the chain is parallel to the jib. (The 
diameter of the pulley may be neglected.) (I.C.E., Oct., 1901.) 

8. A weight of 10 tons is suspended from a tripod of equal legs whose 
feet rest on the ground in an equilateral triangle of side 12 teet, and whose 
apex is 25 feet from the ground. Calculate the stress in each leg. 

(I.C.E., Oct., 1902.) 

9. A crane has a vertical crane-post, A B, 8 feet long, and a horizontal 
tie, B C, 6 feet long, A C being the jib. It turns in bearings at A and B, 
and the chain supporting the load passes over pulleys at C and A, and is 
then led away at 30° to A B. Find the stresses in the bars and thrusts on 
the bearings when lifting 1 ton at a uniform rate. (I.C.E., Feb., 1903.) 

N.B. — See Appendices B and G for other questions and answers. 
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LECTURE V. 

Contents. — Reactions on a Beam — First Method — Resultant of the Loads 
on a Beam — Reactions on a Beam — Second Method — Fink Truss — 
Trapezoidal Truss of Three Panels — Trapezoidal Truss of Five Panels 
— Example I. — Warren Girder — Linville or N Girder — Lattice Girder 
— Redundant Frame — Five Bay Lattice Girder — Lattice Girder loaded 
at Top Joints — Bending Moment — Definition — Shearing Force — Defini- 
tion — Cantilever Uniformly Loaded — Examples II. and III. — Centre 
of Gravity of an Area — Moment of Inertia of an Area — Proof — Engine 
Mechanism — Questions. 

Reactions on a Beam. — First Method. — First Case. — In the 
Frame Diagram, Fig. la, we have a beam ■with five concentrated 
loads upon it. The line of action and point of application of the 
left-hand reaction, and the point of application of the right-hand 
reaction are known. 

We commence Fig. 16 by drawing the line of loads, BO, CD, 
D E, E P and P G. Then, any point O is taken and joined with 
all the points in the line of loads as illustrated in the figure. 
This point O is called a Pole and Fig. 16 a Polar Diagram. 

Since the point of application of the right-hand reaction (Fig. 
la) is the only one of its elements which is known, we must 
begin at this point 1 when drawing the Funicular Polygon* 
12 3 4 5. In the Polar Diagram, Fig. 16, the line O P comes 
between the loads E F and P G. Then, from the point 1, in the 
Frame Diagram, draw the line 1 — 2, parallel to OF. The 
line 1 — 2 begins in the line of action of the load FG and 
ends in the line of action of the load EF — ^viz., the two loads 
between which the line O F lies in the Polar Diagram. Between 
the lines of action of the loads E F and D E, draw the line 2 — 3 
parallel to the line O E in the Polar Diagram, which lies 
between these same two loads. Similarly draw 3 — 4 parallel to 
O D and 4 — 5 parallel to C. On joining the point 5 with the 
point 1 we close the Funicular Polygon. This closing line 5 — 1 
has one end 5, in the line of action of the reaction A B, and the 
other end 1, in the line of action of the reaction A G. Therefore, 
if a line A be drawn parallel to this closing line fix>m O, it 
must lie between the reactions in the line of loads, just as the 
other lines radiating from O have done. 

If we draw B A from B in the line of loads parallel to the line 
of action of the reaction A B, so as to meet the line O A in the 

* See explanation of Funicular Polygon given at the end of this Lecture. 
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point A, then A joined with G completes the external force 
polygon. 

/Second Case. — If the two ends of the beam had been anchored, 
then the lines of action of the reactions G A and A B would 
have been parallel to each other ajid to the line joining B with 
G in the Load Diagram. In this case the lines of action of the 




Fio. lo. — Frame Diagram and Fdkiodlar Poltgon. 



reactions would be drawn on 
Fig. la, and the point 1 taken 
anywhere in the line of the 
reaction G A ; or we could 
begin with the point 5 anywhere 
in the line of the reaction A B, 
and draw the Funicular Polygon 
as stated above. 

If the load FG had not 
existed, we would still have 
begun at the point 1 for the 
first case. The line O F would 
then be between the load E F 
and the reaction FA. In the 
second case mentioned above, 
the solution would still be the 
same as before. 

Resultant of the Loads on a 
Beam. — From the point 1 in the 




Fig. 16. — Load and Polar Dia- 
gram roR Determination of Ee- 

ACTIONS AND KeSULTANT LoAD. 



Frame Diagram, Fig. la, draw the line 1 — 6 parallel to the line 
O G in the Polar Diagram. This line O G lies between the 
load F G and the resultant G B. Now draw the line 5 — 6 
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parallel to the line O B, so as to intersect the line 1 — 6 in the 
point 6. Then the point 6 is a point in the line of action of the 
resultant of the loads. If through the point 6 we draw a line 
parallel to B G-, then that line will represent the line of action 
of the resultant load. This line cuts the beam a,t the point 
round which the beam would balance. The magnitude of the 
resultant is represented by the length of the line B G-. 



'ii 





Fio. 2a.— Frame Diaobam. 




Fig. 26. — Load and Reaction Diagram 
FOR Determination op Reactions. 



If we wished to find 
a point in the line of 
action of the resultant 
of the loads C D, D B, 
and E F, then from the 
point 2, draw a line 
parallel to the line O F, 
and from the point 4 a 
line parallel to the line 
O C, so as to intersect 
the first line from the 
point 2. This point of 
intersection is a point 
in the line of action of 
the resultant of C D, 
D E, and E F. Its line 
of action passes through 
this point and is parallel 



to the line joining C with P, while its magnitude is represented 
by the line C F. 

Reactions on a Beam. — Second Method. — On the top of the 
beam draw a Firm Frame of any shape, having its joints 
in the lines of action of the loads as indicated in the Frame 
Diagram, Fig. 2a. Letter the Frame Diagram according to 
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Bow's method, and draw the Load and Stress Diagram as 
already explained. As a graphic solution the second method is 
the more accurate of the two, and may be applied with greater 
ease in the case of lattice girders, for we have only to join the 
points of the girder with one end, or some points with one end, 
and the remainder with the other end. 

Fink Truss. — This truss was largely used in America for wooden 
bridges and is represented in the i'rame Diagram, Fig. 3a. It 
consists in this case, of a primary truss BAG, and two second- 
ary trusses. The divisions of the beam are called panels. The 
truss in Fig. 3a is therefore a Fink Truss of four panels. 
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Pig. 3a.— Feamb Diagram, foe a Fink Truss. 




Fig. 36.— Stress Diagram. 

If the foot of every upright had been joined with each end of 
the beam instead of as shown, the truss would be called the 
BoUman Truss, of which the solution is similar to the following 
explanation for the Fink Truss. Draw the external force 
polygon as explained for Figs, la and 2a. 

First Method foe Stress Diagram. — Join the joint M N A L 
with the joints E F R P and F G- A S R, as shown by the dotted 
lines in the Frame Diagram, Fig. 3a. Call the spaces thus formed 
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Fig. 4.— roRCBS 

AcTDTO IN Straight 

Lines at a Point. 



X and Z as shown in the Frame Diagram. This will enable lis 
to determine the point M in the Stress Diagram, Fig. 36. Draw 
F Z and A Z, parallel to the bars F Z and A Z. This gives the 
point Z. Then Z X and E X fix the point X ; and X M and 
D M fix the point M. The Stress Diagram may now be com- 
pleted in the usual way, and the closing line will form a check 
line. 

Second Method for Stress Diagram. — In' Fig. 4, we have 
four forces in equilibrium acting at a point and their lines of 
action lie along two straight lines. The condition for equili- 
brium is, that H M is equal and opposite to K L and M L is 
equal and opposite to KH. The Force 
Polygon will therefore be a parallelogram 
and may be represented by H M L K in the 
Stress Diagram, Fig. 36. 

From the above, it is evident that the stress 
in H M must be equal to the load C D and 
the stress in K L equal to the stress in H M. 
Therefore, draw A K and A L parallel to the 
bars A K and A L respectively and draw 
K L between them parallel and equal in 
length to C D. This will determine the 
points K and L in the Stress Diagram, Fig. 36, which may now 
be completed. The closing line will form a check as in the first 
method. 

Trapezoidal Truss of Three Panels. — In this Truss, Fig. 5a, 
the space F will always remain a parallelogram, as was the case 
in the Queen Post Frame which has been already discussed. 
In fact this is a similar case to the roof considered with a con- 
tinuous tie-beam. 

If the beam is uniformly rigid, then whatever distance the 
joint D G F is deflected below the horizontal line, the joint 
B C F E rises an equal distance above the horizontal line. 
Therefore, the difference between the vertical component of 
the load C D and the stress action in G F, must be equal and 
apposite to the difference between the vertical component of the 
load B C and the stress action in E F. 

in order to obtain the Stress Diagram, Fig. 56, we first of all 
draw the external force polygon B C D A, and determine the 
point A, as explained for Figs. 16 or 26. Then draw A F 
parallel to the bar A F and B, Cj Dj perpendicular to A F. 
B Bj, C Cj and . D Dj are parallel to A F. Bj Cj and Oj Dj wUl 
be the vertical components of B C and C D respectively. 

Since Oj Dj is greater than Bj Cj, the joint C D G F will be 



deflected downwards. Therefore, FG will be 



less than Cj Dj 
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and is as much less than Bj Oj as Cj Dj is less than E F. 
This is the same thing as saying that G F and F E are together 
equal to Bj Dj. 

The point E lies on the line A E drawn parallel to the bar 




Fig. 5a.— Frame Diagram for a Trapezoidal Truss. 

A E and similarly for the 
point G. Place the line 
E G between the lines A E 
and A G, parallel to the 
bars GF and FE and equal 
in length to B^ Dj. This 
determines the points E 
and G. Where EG cuts 
the line A F fixes the point 
F. Then by joining FC, 
E B and G D we complete 
the Stress Diagram. 

Another method of de- 
termining the point G is 
to make A P^ equal to one- 
half of B^ Dj, or A P equal 
to one-half of B D, and 
draw Pj G or P G parallel 
to A F, so as to cut the 
point G. 




Fig. 56.— Stress Diagram. 
line AG. This determines the 



Trapezoidal Trass of Five Panels. — In this truss, Fig. 6a, the 
space O always remains a parallelogram, but the other spaces 
cannot change. Similar reasoning to what we used in the 
previous figure will show that the loads D E and E F are 
together equal and opposite to the sum of the stress actions P O 
and N. The load D is equal to the stress in L N, and also 
equal to the stress in K M. Similarly the load F G is equal to 
the stresses in the bars P E. and Q S. It follows from this, that 
the stresses R P, P O, ON, and N L are together equal and 
opposite to the loads CD, D E, E F, and F G. The Stress 
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Dias^ram, Fig. 66, may be determined by drawing A K parallel 
to tne bar A K, and making K M equal to D. Then through 
M draw M N parallel to the bar M N. The point N lies on this 
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FiQ. 6a. — Frame Diagram fob Five Panel Tbapezoidal Truss. 




Fig. 66.— Stuess Diagram. 

line. Draw A S parallel to the bar A S, and make S Q equal in 
length to F G. Through Q draw Q P parallel to the bar Q P. 
The point P lies on this line. Now O P and N are together 
equal to F E and E D. Consequently, if we make P N equal to 
F D and parallel to the bars O P and N, this will determine 
the points P and N. Draw A parallel to the bar A 0. This 
fixes the point O. The points L and R may now be determined, 
and the finishing lines of the diagram inserted. 
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In Fig. 7 the forces acting on the left-hand portion of the 
beam are shown as taken from the Stress Diagram, Fig. 6 J. 
They are the actions of the pins on the beam, and of the right- 
hand half on that end. 

In Fig. 8 is shown the form which the left-hand end must 
take from the previous assumptions. The three points shown 





Fig. 7.— roRCBS acting on the 
Left -Hand Half of the 
Beam. 



Fig. 8.— Form into which thk 
Forces Bend the Left-Hand 
Half of the Beam. 



in a straight line must always remain in a straight line. There 
will be three points of contrary flexure in the length of the beam. 
These Trapezoidal Trusses are deficient frames made redund- 
ant by stiff joints. 




Case (Q B 



D C 
STRESS DIAGRAM 



STRESS DIAGRAM 



Triangular Frame. 

Example I. — A triangular fraiue, consisting of three equi- 
lateral triangles, is loaded with a weight W. Find the stresses 
on the several members of the frame (1) when W is hung at the 
lower apex of the central triangle, (2) when each of the triangles 

, W 
is loaded at the upper apex with -^. 



92 



LECTURE V. 



Answer. — Since the loading is symmetrical in both oases, the 
reactions are each equal to one-half of the total load — that is, 
to i W. 

Case (1). — Draw BO vertical and equal to W units. Bisect 
it at A, so that A and A B are the reactions. Make C D 
parallel to the bar C D, and AD to AD. This gives us D. 
Then draw D E and A E respectively parallel to the bars D E 
and A E, so as to obtain E. A F and E F fix F, and B F com- 
pletes the Stress Diagram. B F should be parallel to the bar 
B F, and this gives us a check on our work. 

^ ^^ ^— »7^^ ^ 




1000 lbs. 1000 lbs, 

FRAME DIAGRAM 
M B 




G E D 

STRESS DIAGRAM 
Fig. 9.— Wareen Girder. 

Case (2). — Here we must make A B and B C each equal to ^ 
W. D A and D will represent the reactions, D being the 
middle point of B C, and therefore coincident with B. A E and 
DE determine B, and OG and DG give G. E and G will 
coincide since B and D do, and everything is symmetrical. The 
point F also coincides with E and G, so that there ia no stress 
in the bars E F and F G. 
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Warren Girder. — Pig. 9 illustrates a Warren Girder of four 
bays or panels, which is simply an extension of the above 
triangular frame. The upper horizontal member is called the 
Upper Boom or Flange, and the lower horizontal member is 
called the Lower Boom or Flange. The inclined members are 
called Lattice Bars or Braces. The joint AFE orEFGDis 
called" an Apex. The angle of triangulation is usually 60°, but 
sometimes the triangles are right-angled isosceles. When 
loads are applied at the centres of the lower members, tie-rods 
are put from the centres of the lower members to the opposite 
apices. These tie-rods transmit the central loads to the upper 
apices. The Frame Diagram would then show a system of loads 
at the lower and upper apices. From what has already been 
said the student should find no difficulty in drawing the Stress 
Diagram, which is obtained in exactly the same way as those in 
Example L 

LinvUle or N Girder. — This girder differs from the Warren 
Girder, in that the bars connecting the two horizontal booms are 
placed alternately vertical and oblique, forming a series of right- 
angled triangles instead of the corresponding equilateral ones in 
the Warren Girder. It is so arranged that the shorter vertical 
bars shall be in compression and the oblique ones in tension. 
This clearly tends to a saving of material and a diminution of 
weight, since compression members, unless very short, must, 
other things being equal, be much heavier than tension mem- 
bers. Also, compression members are much strengthened by 
shortening, while a tension member is not weakened by 
lengthening. 

We may determine the reactions by a " substituted frame " 
by the Funicular Polygon, or, in this case, by calculation. 

In drawing the Stress Diagram we observe that A a must be 
equal to Q A, and a Q is zero, since the reaction is vertical. 
The members a Q and n K are necessary to give the required 
stability. These, together with the end vertical members, 
might be dispensed with by carrying the supports up to the 
upper boom. 

Draw the lines representing the loads and reactions, viz. : — 
KL, LM, MN", NP, PQ, QA, AB, BO, OD, DE, EF, FG, 
GH, and HK. Since Aa = AQ, and Hn = HK, so that a 
coincides with Q, and n with K, we may draw the Stress 
Diagram as follows : — 

B b and a 6 fix the point b, and G m and n m the point m. 

Pc „ 6c „ c, „ LI „ ml „ I. 

Gd „ cd „ d, „ Vk „ Ik „ k. 

IS e „ de „ e, „ M/t „ kh „ h. 

D/ „ «/ » f, „ Es- „ hg „ g. 
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By then joining fg we complete the Stress Diagram, and this 
line should be parallel to the central strut. 




LINVILLE OR N GIRDER. 
Fio. lOo. 




Fig. 10&. — Stress Diagram. 



Lattice Girder. — Although in Fig. 12, we have drawn the 
external force polygon for Fig. 11, we can go no further with 
the Stress Diagram for frames of this kind until we have deter- 
mined in some way the stress in one member, because these 
are redundant frames.* 

* See the beginning of Lecture I. for the properties of redundant 
frames. 
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Assumption. — We assume, first of all, that all the members 
have been accurately fitted ; that is, the frame is not initially 
stressed. 

One method of solution which has often been suggested is, 
to assume that the shear over any section is taken equally 
by the braces in that section. We shall however prove that 
this latter assumption is not consistent with the actual con- 
ditions. The shear on the right-hand bay of Fig. 11 is evi- 
dently one-half of B 0, and according to the above method, 
the vertical component of the stress in the member G H would 
be equal to one half of the shear, that is one quarter of B C, 





BOB 



Fig. 11.— Frame Diagram, 



Fig. 12.— Steess 

Diagram with 

Ubequal Stesbes 

in Bbaces. 

Two Bat Lattice Girder. 



CHL 



Fig. 13.— Stress 

Diagram with 

Equal Stresses 

IN Braces. 



whilst the vertical component of the stress in the member G K 
would be equal to the other half of the shear, that is also one 
quarter of B C. Similarly, for the left-hand bay, according to 
the above assumption, the vertical components of the stresses in 
E G and F G would each be one quarter of B C. 

Let us suppose the vertical component of the stress in GH 
and K L, to be one-quarter of B C, and then draw the Stress 
Diagram, Fig. 12. There AL is equal in length to the verti- 
cal component of K L and also equal to one-quarter of B C. 
The Stress Diagram may now be completed in the usual 
way. It shows that if the stress in G H has a vertical com- 
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ponent of one-quarter of B 0, then the vertical component of the 
stress in EG is three-quarters of BC. This is a consistent 
result, because three-quarters and one-quarter of B C acting 
vertically together at the joint E B C H G will balance B C. 
But, if the members have been properly put together, there is no 
reason at all why the stress in E G should be greater than the 
stress in G H. The most sensible assumption to make is, that 
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'Eva,. 14a.— Feame Diagbam for Fivb-Bat Lattioe Gibdeb. 

the members E G and G H will 
each have a stress of which the 
vertical component is one-half 
of B C. The Stress Diagram 
for this assumption is worked 
out in Fig. 13. 

Lattice Girder of Five Bays. 
— To Determine what Peo- 
PORTION OF A Single Load 
IS Transmitted along each 
Brace. — In the Frame Dia^ 
gram, Fig. 14a, we have as- 
sumed a load of 5 units at 
the joint BCHGE. From 
inspection, it will be evident 
that the reaction AB will be 
4 units and AC will be 
1 unit. The reactions may 
be determined by a substi- 
tuted triangular frame with 




Fig. 146.— Stress Diaobam. 

When Braces EG and DF are 

Removed, 
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its vertex at the loaded joint and rafter ends at the abut- 
ments. The Stress Diagram, Fig. lib, has been drawn on the 
assumption that the braces EG and DF have been withdrawn. 
If the bar D F is removed, then the spaces D and F will have 
only one letter, let this be called D. Then B D and A D fix the 
point D ; D F and A F the point F ; D E and B E the point E ; 
E G and F G the point G and so on, until the Stress Diagram is 
completed. 

From the Stress Diagram, Fig. 146, we see that the vertical 
components of the stresses in the braces * G H, K L, L N, M O, 
OP, Q R, E, T, S U and U C are each equal to the load B 0, and 
that the vertical components of the stresses in the remaining braces 
T XJ, B S, on to B D are each equal to four units ; also that the 
kind of stress alternates between a push and a pull throughout 
the braces. The vertical component of the push in the lattice 
bar G H, is balanced by the vertical component of the pull in 
L N. Also, the vertical component of the pull in M 0, is 
balanced by the vertical component of the push in P, and 
similarly for Q B. and R T, S U and TJ 0. Now, the push in 
U C is balanced by the reaction A, combined with the vertical 
component of the pull in T TJ, and since the reaction C A is one 
unit the vertical component of the pull in T U must be four 
units. This four units of vertical component of the pull in T TJ, 
is transmitted through the remaining lattice bars as a push and 
a pull alternately, until it reaches B D as 
a push, and is there balanced by the re- 
action A B. 

The stress in each lattice bar produces a 
strain that will cause the load to dip. Now, 
since the stresses are severe an^' every lat- 
tice bar is stressed, the removal or the brace 
E G produces a very yielding frame. 

In Fig. 15 we have the Stress Diagram 
which is obtained from the Frame Diagram, 
Fig. 14a, by removing the brace G H. The 
removal of this brace means, that there will 
be no stress in the bars L N, M O, P, Q R, 
K T and S U. Since there is no stress in 
SU there can be none in OS or C U. ^'gj J^am ^"'mr 
Therefore, S and U will coincide with C and Bbac*^^ H^Re^ 
the Stress Diagram can now be complf'ted. moved. 

" Since the two members G H and K L, Fig. Ho, are parts of the same 
lattice bar or brace and the stresses in them are the same in every element, 
we may refer to them as the lattice bar or brace G H or K L and similarly 
for the others. 

3 7 
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Fig. 15 shows that the lattice bar E G is the only one having 
the vertical component of its stress equal to B C. Also that 
each of the bars BD, D E, GK, LM, O Q and RS has the 
vertical component of its stress equal to one unit of the load. 
Further, that the stresses are alternately push and pull and that 
the remaining lattice bars are not stressed. 

The vertical component of the push in the lattice bar E G is 
balanced by the reaction A B, in combination with the stress in 
B D. Since the vertical component of the push in the brace E G 
must balance the load, its value is 5 units and the reaction A B 
has a value of i units ; therefore, the stress in the bar B D must 
be a pull of 1 unit. This vertical component of the pull in B D 
is balanced by the vertical component of the push stress in D E 
and so on, until the vertical component of (he push in T U is 
balanced by the reaction A C of one unit. 

Since the stress is severe in only one lattice bar and a number 
of the bars are unstressed, the removal of the brace Gt H pro- 
duces a very much less yielding frame than the removal of the 
brace E G. 

When the frame is complete as shown in the Frame Diagram, 
Fig. 14a, the vertical components of the pushes in the lattice 
bars E G and G H must together carry the load. The amount 
which each carries will be inversely proportional to the yielding- 
ness of the system of bars to which each is connected. The 
lattice bar EG will therefore carry more than the lattice bar GH. 

In this case, we have made the following assumptions : — 

(1) That the Frame is not initially stressed. 

(2) That the vertical component of the push stress in the 
left-hand lattice bar meeting in a joint at which a load 
is applied is equal to that portion of the left-hand reaction 
which that load produces. Also, that a similar relation exists 
between the vertical component of the push stress in the right- 
hand lattice bar and the right-hand reaction. 

Lattice Girder Loaded at Top Joints. — For the lattice girder. 
Fig. 16a, we must first determine the reactions. This may be 
done by one of the methods for Figs. 1 and 2, of which the 
latter one, is the better and simpler. By joining the lower left- 
hand corner with each of the upper joints we obtain a Simple 
Triangular Frame, and by drawing the Stress Diagram for it, 
we can determine the reactions. Since the frame is redundant 
we must first calculate the stress in one member before we can 
begin the Stress Diagram. The bar B K is the most suitable 
one. 

From the second assumption we observe that : — 
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(1) The load BO, produces no stress in K L and a push 

stress of 3 units in B K. 

(2) The load OD, produces a push stress having a vertical 

component equal to 4 units (|- C D) in K M. This com- 
ponent is entirely balanced by the reaction which the 
load CD produces in AB — viz., 4 units. This load 
produces therefore no stress in B K. 



3' 




C 


s 


D 


,5" ^ 


!° r 


10 ■ 


G 


2 




\ 


L 


/ 


\o. 


/ 


\h 


/ 


\u. 


/\ 


S^ 


/ 


B 


K 


X 


r 


^ X 


X 


T X 


w 


X 


Z 




/ 


'M^ 


\ 


/^^ 


\ 


/' 


\ 


/^- 


\/ 


^Y 


\ 














A 




































/ 



Fig. 16a.— Frame Diagram foe a Loaded Lattice Girdek. 

(3) The load D E, produces 

a push stress having a 
vertical component 
equal to 9 units (f D E) 
in O Q. This stress in- 
duces a pull stress in 
M N having a vertical 
component equal to 9 
units and this pull stress 
induces in B K a push 
stress of 9 units. 

(4) The load EP, produces 

a push stress having a 
vertical component 
equal to 8 units (| E F) 
in R T. This stress in- 
duces a pull in P Q, 




Fig. 166. —Stress Diagram. 



and a push in N L, the vertical component of which is 
balanced by the reaction produced in A B. This load 
produces therefore no stress in B K. 

(5) The load EG, produces a push stress having a vertical 

component equal to 2 units (i P G) in U W. This 
stress is transmitted as push and _pull until it reaches 
B K as push and is balanced by the reaction A B. 

(6) The load G H, produces no stress in B K. 
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Summing up the push stresses in B K we have : — 

3 units due to B C, 

units due to C D, 

9 units due to D E, 

units due to E F, 

2 units due to F G, 

units due to G H. 
This gives a total push stress of 14 units in the bar B K. 

From the point B, in the line of loads, Fig. 166, draw a line 
B K parallel to the bar B K, and make the length of B K equal 
to 14 units to the same scale as the line of loads. This deter- 
mines the point K in the Stress Diagram. Then K L and C L 
fix the point L and so on point by point until the Stress 
Diagram is finished. The finishing line forms a check line. 

In calculating the stress in the lattice bars, we have some- 
times a push stress and sometimes a pull stress. We must 
therefore pay due regard to the sign of the stress when adding 
up the various stresses. The force C D produces a push stress 
in the bar N O, having a vertical component of 1 unit, while 
E F produces a push stress in R T having a vertical. component 
of 8 units. This push induces a pull in N O also having a 
vertical component of 8 units. Therefore, the resultant stress in 
N O is a pull having a vertical component of 7 units. 

Referring to Fig. 16a, we may observe that sometimes, 
vertical ties are put in the spaces N, Q, T and W. The action 
of these ties is to prevent distortion of the rectangles in which 
they lie. Therefore unless these rectangles have become dis- 
torted, they will not be stressed. This distortion will depend 
upon the relative yieldingness of the two systems of bars form- 
ing the rectangle. In this example suppose a tie in the space 
N and a load applied at the lower joint. Then, before this load 
can stress the tie, the lower joint must come down more than 
the upper joint. The safest assumption to make is, that the 
ties carry no portion of the loads. Some lattice bridges have 
struts in the spaces N, Q, T and W of Fig. 16ai and the lattice 
bars are all ties — that is, they are only able to stand a pull 
stress. On drawing the Stress Diagram for such a case, we must 
omit a bar if a push stress comes in it, and use the other tie. 

One tie in each bay must carry the shear in that bay. This 
will enable us to calculate the pull in that tie. This is the best 
method of drawing the Stress Diagram for such cases. 

Bending Moment. — Definition. — The Bending Moment at any 
point in a beam, is the algebraic sum of the moments with respect 
to that point, of all the external forces acting on the portion of 
the beam on either side of that point. 
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In order to draw the Bending Moment Diagram of Fig. 17, 
we must proceed as if we were going to find the reactions, by 
means of the Funicular Polygon and Polar Diagram as explained 
for Fig. la. 

The Funicular Polygon drawn in this way is a Bending Moment 
Diagram. — That is, if a vertical line be drawn from a point in 
the beam, to cut the bounding lines of the Funicular Polygon, 




S/^eari;\g fcree r)iagnarT\ 





Fig. 17. — Bending Moment and Shearing Force on a Beam. 

the intercept on this line which lies between those bounding 
lines, represents to a certain scale the bending moment on the 
beam at that point. 

Having found the point A in the line of loads, by drawing 
A O' horizontal and of any suitable length, we draw a Polar 
Diagram with this point O' as the Pole and the corresponding 
Funicular Polygon, when we obtain a Bending Moment Diagram 
on a horizontal base. 

Proof.- -The Bending Moment at the point where the load 
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B acts, is equal to A B x a 6 Units of Moment. The Tri- 
angles abc and O' A B are similar, having the sides ab, b c and 
c a of the one respectively parallel to the sides 0' A, A B and 
B 0' of the other. 

Therefore, 6 c : a 6 : : B A : A 0' 

B A X a i 



Hence, 6 c 



AO' 



„. ., , ,^ BAxa(^-BUx6c^ 
Similarly, df = -^-q, , 

That is, the number of units of length in h c, when measured 
with the scale for the load line, would give the Bending Moment, 
if O' A measured 1 unit on the scale of length for the Beam. 

Scale for Bending Moment Diagram. — Subdivide the 
unit of the scale used for the line of loads, into as many parts 
as the line 0' A contains the unit of the scale used for the 
length of the beam. Then, one of these subdivisions will be the 
unit for the Bending lloment scale. It is found convenient to 
make 0' A ten units of the length scale. 

Shearing Force. — Definition. — The Shearing Force on any 
transverse section of a beam is equal to the algebraic sum of 
all the external forces acting on the portion of the beam on 
either side of that section. 

In order to draw the Shearing Force Diagram of Fig. 17, no 
explanation is necessary, beyond following out the lines of the 
figure. The Shearing Force on any transverse section of the 
beam lying between the loads B C and C D, is, from the defini- 
tion, equal to the force A B minus the force B C. Therefore, 
the length between the line i — 5 and the line 1 — 6 will measure 
the Shearing Force to the scale of the line of loads. 

Cantilever Uniformly Loaded. — The cantilever shown in Fig. 
18 may be considered as 12 feet long. The loads indicated 
are therefore equivalent to a uniform load per foot run. They 
act at the centre of each of the portions. By drawing 
from A, B, C, &c., on the Load Line, horizontal lines in the 
spaces A, B, C, &c., as shown, we determine the Shearing Force 
Diagram. If we divide the beam into smaller divisions and 
draw the Shearing Force Diagram, the stepped line will become 
more nearly a straight line. Consequently, when divided into 
infinitely small parts, the Shearing Force Diagram becomes the 
Triangle E, P Q. The length of the line Q R is the total load on 
the Beam. 
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The Bending Moment Diagram of Fig. 18 is determined by 
drawing in the spaces A, B, C, &c., lines parallel to the lines 
O A, O B, 0, &c. The limiting form of the curve Q S will bo 
a parabola with its vertex at S, and the value of the length Q T 
will be the Maximum Bending Moment. 




BENDING MOMEN 
■^y. DIAGRAM. 



Fig. 18. — Unifoemly Loaded Cantilever. 

Beam Uniformly Loaded and with Concentrated Loads. — Draw, 
as already explained, the Shearing Force Diagram for the con- 
centrated loads. This is HAjf^5, Ac, on Fig. 19. Set oflf 
H P and K Q, each equal to half the total uniform load on the 
beam, and join P with Q. Then H P Q K is the Shearing Force 
Diagram lor the Uniform Load. Adding the ordinates of the 
two diagrams together we derive the Combined Shearing Force 
Diagram 'S.ahcdeS 6f, &c., of Fig. 19. 

Draw the Bending Moment Diagram (Ln M, Fig. 19) for the 
concentrated loads as described for Fig. 17. Then draw on the 
opposite side of L M a parabola, having its axis bisecting L M 
at right angles, and the ordinate at the centre of L M equal to 
the Maximum Bending Moment due to the uniform load. This 
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ordinate must be measured to the same scale as that of the 
ordinates of the concentrated Bending Moment Curve. The 
combined ordinate measures the Combined Bending Moment. 



Zl 



C 



4 o ^4 



D 1 E 1fJg|h 



^'-4s S' >|«--?4^-4*--5f'-»^-S4^-*rif*i4 




^''^bolAc Curve 

Fio. 19. — Beam with Uniform and Concentrated Loads. 

Example II. — A cantilever 15 feet long has a load of 5 tons 
at its outer end, 5 tons at 5 feet from it, and 10 tons at a point 
10 feet from the end. Find graphically the diagrams of shearing 
force and bending moment. 

Answee. — The upper part of the figure shows the cantilever 
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and the positions of the loads. Project down from these posi- 
tions and the inner end of the beam, and then set out A B = 10 
units, B C = 5, and C D = 5, to represent the forces A B, B C, 




Cantilever in Example II. 

and D respectively. Draw horizontal lines through A, B, C, 
and D to intersect the lines of the forces. This gives us the 
Shearing Force Diagram as shown shaded. 
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To obtain the Bending Moment Diagram take any point in 
E D, and join it to A, B, and 0. Then take a base line M L 
parallel to O D, and draw M Q in the space C parallel to O C, 
Q P in the space B parallel to B, and P N in the space A 
parallel to A. Then L M Q P N is the Bending Moment 



IS 10 5 G s 




Beam in Example III. 

Diagram, the scale being that adopted for the shear multiplied 
by the length of D measured on the scale employed in setting 
out the length of the beam. 

Example III. — A beam of 12 feet span carries five loads 
equally spaced along its length, the first and last bein:; each 2 
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feet from the nearest end. The values of the loads are 10, 5, 6, 
8, and 4 tons respectively. Obtain graphically diagrams show- 
ing the shear and bending monient at every point of the beam. 

Answer.— In this case we shall determine the reactions by 
calculation, thus : — 

Reaction at left hand due to A B is |- x 10 = 8^ tons. 

BC „ ^x 5 = 3i „ 
OD „ f . 6 = 3 „ 
DE „ Ix 8 = 2f „ 
EF „ i^ 4 = 0| „ 

.•. Total left-hand reaction G A = 18 „ 

The whole load is 33 tons, and therefore the right-hand 
reaction must be 33-18, or 15 tons. 

We can now proceed as before, making GA = 18, AB = 10, 
B = 5, &c., and drawing horizontal lines through A, B, 0, &c., 
to obtain the Shearing Force Diagram. 

Take a point O in the horizontal through 6, and join it to A, 
B, 0, (fee. 

Then the part of the Bending Moment Diagram in the space 
A is parallel to O A, in the space B to O B, in to O 0, and so 
on, as in Example II. 

We might, of course, have determined the reactions from the 
Funicular Polygon L n M N in the first instance ; but had we 
done so we would probably not have got the line O G horizon- 
tal, and would have had to redraw it as explained in the text. 

Centre of Gravity of an Area. — Divide the area into elements, 
such as parallelograms, triangles, &c., the centres of gravity of 
which can be easily determined. 

If the area is bounded by a curved line, divide it into very 
narrow strips, so that they may be considered approximately as 
parallelograms. 

We have divided the area shown in Fig. 20 into three 
rectangles, and have found the centre of gravity of each. We first, 
assume a line lying in any direction, such as the line X X, along 
which the pull of gravity acts. The centre of gravity of each 
area is a point in the line of action of the pull of gravity on that 
area. The line of action of gravity will be parallel to this 
assumed line X X. The way may be towards either the left or 
the right as may be found most suitable, and the magnitude will 
be proportional to the area. The forces BO, CD, and D E 
represent completely the action of gravity on the top, the centre, 
and the bottom rectangles respectively. 

Proceed to find the resultant of the three forces B C, CD, 
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and D E, as explained for Fig la. This is shown in Fig. 19 by 
the i'olar Diai^iam B C D E O, and the corresponding funicular 
polygon 12 3 4. B C, D, and D E, in the Polar Diagram are 
pioportional to the areas of the three rectangles. 

The line of action of the resultant of the three forces B C, 
D, and D B passes through the centre of gravity of the whole 
aiea. This line is represented by the line 4 — M. Now, 
assume a line at right angles to XX as a line along which the 
pull of gravity acts. Proceed in exactly the same way with 
regard to this line as has been done for the line X X, and we 
obtain another line passing through the centre of gravity of the 



X '■ 




I c 



-T--H> 












o' 




Fig. 20.— Centre of Gkavity and Moment of Inertia. 

whole area. The intersection M of these two resultants gives 
the centre of gravity of the whole area. The forces in the 
second case are called F G, G H, and H K, and the Polar Diagram 
F G H K Oj, with its corresponding Funicular Polygon, is shown 
in the figure. 

Moment of Inertia of an Area. — If we wish to find approxi- 
mately the Moment of Inertia round the line X X of the area in 
Fig. 20, we must first of all divide the area into elements just 
as in finding the centre of gravity. Then proceed to draw the 
polar diagram B C D E O and the corresponding funicular 
polygon 12 3 4. 
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Now consider the top polygon and how we may determine its 
Moment of Inertia. 

Produce the two lines derived from the polar diagram, which 
meet in the line of action of the pull of gravity on that area 
(viz., 1 — 2 and 1 — 4) until they intersect the line X X in the 
points B', C. Do the same for the lines 1 — 2 and 2 — 3, and 
2 — 3 and 4 — 3, which meet on the lines of action of the pull of 
gravity on the middle and bottom areas. These lines intersect 
X X in the points C, D', and D', E', respectively. 

Consider B' C, 0' D', and D' E' as the magnitudes of the forces 
acting along the lines B C, CD, and D E respectively. Proceed 
as if to find their resultant by drawing the polar diagram 
B' C D' E' O' and the corresponding funicular polygon 5 6 7 8. 

Produce, as before, the lines which meet in B (viz., 6 — 5 
and 6 — 7) to intersect the lines X X in the points B" 0". Do 
the same for the lines 5 — 8 and 7 — 8, or, as we have done in the 
figure, produce the one which will cut X X in a point furthest 
from B". B"0" measures to a certain scale the moment of 
inertia of the top area round the line X X, and B" E" the 
moment of inertia of the whole area round the same line. 
Greater accuracy would be obtained by dividing the area into 
smaller elements. 

Proof, — Let y in Fig. 20 represent the distance the centre of 
gravity of the top area ?s from the line X X. 

Now, since the two triangles B C and B' 0' 1 are similar : — 

BC:Z::B'0':y. 
Then, g,p,^ BCxy 

Again, the two triangles B' C O' and B" C" 6 are similar; — 
Hence, B' C : Z^ : : B" 0" : y. 

And, B"C" = ?^^. 

Substituting the above value of B' C we get : — 

BO X y^ 



B" 0" 



Z X Zj 



But, B X 2/2 is the moment of inertia for the top area with 
respect to the line X X, provided the depth of the area is small 
in comparison with y. B" C" measured with the scale called 
the " area scale," as used for drawing B C (in order to represent 
the area of the top rectangle), gives the value of this moment of 
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B 



inertia, if Z and Z, are I unit of the scale -which is used for 
betcing off the lengths in drawing the section. 

Scale for Measuring the Moment of Inertia. — Sub- 
divide the unit of the scale used for representing the areas, 
into as many divisions as is represented by the number found 

by multiplying Z and Z^, which 
are both measured by the length 
scale. One of these subdivisions 
will be the unit for the Moment of 
Inertia Scale. Or, measure B" E" 
with the area scale and multiply 
the reading first by Z and then 
byZ,. 

Engine Mechanism. — In the 
Frame Diagram, Fig. 21a, the bars 
B C and E represent the centre 
lines of the piston-rods of a com- 
pound engine the heads of which 
are guided in parallel straight lines. 
The bars A C and D F are short 




Fig. 21a. — Frame Diagram. 
Engine Mechanism. 



A B 




A B 




Pig. 215.- Steess Diagram. 



Stress Diagram for 
Joint A C H. 



connecting-rods, driving the crank FG, by means of the tri- 
angular frame shown. The joint C D K H is constrained to 
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move in an arc of a circle round a point in the bar C D produced 
towards the right. The bar C D is called a radi\is rod. The 
lines of action of all the external forces acting in the struc- 
ture are shown. A B and E F are the guide pressures, D 
the push or pull in the radius rod, F G the push or pull in the 
crank, and G A the crank effort or tangential resistance. 

First Method. — We commence the Stress Diagram, Fig. 216, 
by drawing D E to represent in magnitude the total pressure on 
the right-hand piston-rod. Then, E F and D F fix the point F, 
while F K and D K determine K.* But, we can get no further 
until we draw the Stress Diagram for the joint A H. This is 
done by drawing B C to represent to the same scale as before 
the total pressure on the left- hand piston-rod. Then, the points 
A and H are determined. 

We must now fit the Stress Diagram for the joint A C H, to 
the Stress Diagram already, drawn ; so that the point C shall 
lie on the line drawn through D parallel to the bar CD and 
the point H on the line drawn through K parallel to the bar 
K H, C H being kept parallel to the bar H. Then the Stress 
Diagram, Fig. 216, can be completed in the usual way. 

Second Method. — Find the forces acting in A C and D F, and 
then find their resultant. Produce the line of action of this 
resultant to cut the line of action of the force D ; when, by 
joining this point with the crank pin, we get the line of action 
of the resultant force acting on the said crank pin. Finally, 
draw the Stress Diagram from the supplementary data. 

The following is a list of books and papers on Graphic Statics 
and the Design of Structures : — 

The Design of Structures, Bridges, Boofs, tbc, by S. Anglin, C.E. 
(Chas. GrifiBn & Co., London, 1895.) 

A Practical Treatise on Bridge Construction, by Prof. T. Claxton Fidler. 
(Chas. Griffin & Co., London.) 

Oraphical Determination of Forces in Engineering Structures, by James 

B. Chalmers, C. E. (Macmillan & Co. , London. ) 

Graphic and Analytic Statics, by Robert Hudson Graham, C.E. (Crosby 
Lockwood & Co., London.) 

Oraphies, by Prof. B. H. Smith, M.Inst.M.E. (Longmans, Green & Co., 
London. ) ' 

Mechanics, vol. ii., by A. Jay Du Bois, C.E., Ph.D. (Chapman & Hall, 
London.) 

Applied Mechanics, by Gaetano Lanza. (Chapman & Hall, London.) 

Theory of Structures and Strength of Materials, by Henry T. Bovey, 
M.A., D.C.L. (Chapman &; Hall, London.) 

Graphic Methods of Computing Stresses in Jointed Structures. Paper by 

C. 0. Burge, Proo. Inst. C.E. Vol. Ixxiv., p. 192. 

Graphic Methods of Engine Design, by A. H. Barker. (The Technical 
Publishing Co., Ltd., Manchester.) 

* The line F E has been omitted in the diagram. 
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Mechanical Graphics, by G. Halliday. (London, 1889.) 

Elements of Graphic Statics, by K. von Ott, translated by G. S. Clark. 
(E. & F. N. Spon, London, 1888.) 

Principles of Graphic Statics, by G. S. Clark. (E. & F. N. Spon, 
London, 1888.) 

Elements of Graphic Statics, by L. M. Hoskins. (Macmillan & Co., 
London, 1892.) 

Economics of Constrmtion, by Robt. H. Bow. (E. &; F. N. Spon, 
London. ) 

Applied Mechanics, 2nd edition, by Prof. James H. Cotterill. (Mac- 
millan & Co. , London. ) 

Re Funicular Polygon at pp. 84 and 108.— The word funicular, as 
used in mathematics, is an epithet for a curve, which is the same as the 
catenary ; and also for a polygon hanging freely by its extremities. The 
Funicular Polygon or Link Polygon is really a Stress Diagram drawn from 
a Frame, such as that shown by Fig. 13 on p. 11. When forces in 
equilibrium act at the corners of a series of links or bars jointed together 
at their extremities, the force acting along each link can be readily found 
by a special application of the triangle of forces, as in the above-mentionerj 



QUFSTIONS. 
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Lkottjbe v. — Questions. 

1. Draw the following Frame Diagram to twice the given scale. Verify 
the accompanying Stress Diagram by the first and by the second methods, 
given in this lecture, with accurate drawings. Use red or distinctive 
dotted lines for the second method, if you give only one figure for the two 
stress diagrams. Give a neat table of the members in compression and in 
tension, and correct the stated values of the reactions at each end of the 
truss. 
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FRAME DIAGRAM 




STRESS DIAGRAM 
Fink Truss for Question 1. 

2. A triiingular frame is at rest under the action of three external forces. 
Prove that a certain diagram will represent the stresses in the bars of the 
frame. Extend this proposition to the case of a lattice girder of the 
Warren construction with four bays in the lower boom and three bays in 
the upper boom, loaded in the centre of the lower boom and supported at 
the ends, giving the Stress Diagram and showing how to distinguish the 
portions which are in compression or extension. 

3. A triangular frame is acted on by three forces applied at its respective 
angular points and in equilibrium ; investigate a method of constructing 
the diagram of all forces brought into play. Taking the case of a frame on 
the principle of the Warren Girder having four bays in the lower boom and 
three in the upper boom, and loaded at the centre of the lower member with 
a weight W, explain the method of constructing the diagram of forces, 

3 8 
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lirawini? the same, and distinguishing those bars which act as struts from 
those which act as ties. 

4. The lower boom of a Warren Girder, supported at both ends, ia 
divided into three bays. The upper boom has two bays, and the bracing 
bars are each inclined at 60° to the horizon. Find by graphic construction 
the stresses in the several pieces when the frame is loaded with 1,000 lbs. 
at the middle of the top boom. 



2S 




STRESS DIAGRAM 
Lattice Giuder for Question 7. 

5. A Warren Girder has five bays consisting of equilateral triangles. If 
it be supported at each end and loaded at the two bottom central joints 
with loads of 18,000 lbs., find graphically the stress on each member, and 
show whether it is tensile or compressive. Explain fully the reasons and 
theory of the method you employ in obtaining your result. 
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6. A Warren Girder of six bays with equilateral bracing, each bay being 
10 feet long, is loaded with a distributed weight of 1 ton per foot run 
placed along the top of the girder ; obtain the diagram of stress, and cal- 
culate the stresses in the various members, assuming that cotan. 60°= -577, 
cosec. 60° = 1-155. Ans. 

7. A lattice girder is loaded in the manner shown by the foregoing 
figure. Draw the Stress Diagram by the method explained in the text, and 
see If you get the same results as shown. 

8. A bar of pine 44 inches long rests on props at its extremities, and just 
supports 10 weights, of 14 lbs. each, hung at equal intervals of 4 inches 
along the rod. find graphically the B M at the centre of the bar and the 
amount of a single weight, which, if hung at the centre of the bar, would 
stress it to the same extent (see figure). Ans. 76-3 lbs. 
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Beam foe Question 9. 

9. A horizontal uniform bar, 18 inches long, is laid over two supports, 
each 4 inches from its ends, as shown in the figure. Find graphically two 
points at which the bending moment is zero, the bar being loaded by its 
own weight (see figure). Aiis. 2 inches from inside of supports. 

10. Given an iron arched rib, hinged at both ends, and a system of 
vertical loads, show how we find the stress at any point of any section. 
Prove the rule for stress at any point of a section when we know the result- 
ant of all the forces acting on the structure on one side of the section. 

11. A beam, ABODE, htis a vertical supporting force at A ; at E there 
is a pin joint support. AB is 5 feet, BO is 2 feet, OD is 6 feet, DE is 4 
feet. There are vertical loads of 2 tons at B and 3 tons at D, and at 
there is a load of 5 tons inclined at 30° to the vertical, its horizontal 
component being towards A. All forces m one plane. Find the sup- 
porting forces, graphically or otherwise. (S. & A. Adv. Exam., 1897.) 

12. Suppose the vertical loads and supporting forces of a horizontal 
beam to be known, show how we find (1) the total shearing force at any 
section, (2) the position of the neutral line, (3) the tensile or compressive 
stress at any place. Prove your statements. (S. and A. Adv., 1899.) 

13. In calculating by graphical methods the tensile or compressive 
forces in the several members of braced girders, why is it usual to 
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represent the weight of, or upon, the several bars, by equivalent forces 
acting at the joints, and to assume that the joints are friotionless pin 
joints or hinges ? A Warren girder has 6 equal bays on the bottom flange, 
the girder is 90 feet span and 13 feet deep. It is loaded with a weight of 
20 tons resting on the apex of the top flange, which is 37 feet 6 inches 
from the left abutment. Determine either graphically or analytically the 
forces in the diagonals and flanges of the girder produced by this load. 

(S. and A. Adv., 1899.) 
14. A railway bridge over a road is 40 feet span. An engine with its 
tender stands upon the bridge. The weights on the leading, the driving, 
and the trailing axles of the engine are 9, 15, and 7 tons respectively, 
while the load on the three axles of the tender is 7 tons on each. The 
engine stands so that the leading axle is 2^ feet from the end of the 
bridge, and the distance between the centres of the engine axles is 8 feet, 
and between the tender axles is 4 feet 6 inches, while between the trailing 
axle of the engine and the leading axle of the tender is 8 feet. Draw the 
bending moment and shearing force diagrams for the above position of the 
engine, and write down the maximum value of the bending moment 
and also the value and position of the maximum shearing force. 

(S. and A., Adv., 1899,) 

N.B. — See Appendices B ana G for other questions and answers. 
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Leotuke v. — A.M.Inst.C.E. Exam. Questions. 

1. A framed girder, 8 feet deep, supported at the ends, with double 
triangulation, has the bracing bars inclined at 45°. The girder has seven 
bays, each 8 feet long, and carries at each joint of the bottom boom a load 
of 3 tons and at each top joint a load of 6 tons. Find the total stress in 
each of the inclined bracing bars and in the top boom in the second bay 
from the left end. (I.C.E., Oct., 1897.) 

2. A plate-girder is required to carry a fixed load of 1 ton per foot run 
and a rolling load of 1 J ton per foot run. Clear span 75 feet. Draw the 
diagrams of maximum bending moment and maximum shearing force. 
Curves may be sketched in if three or four points are determined. (I.C.E., 
Oct., 1897.) 

3. Design a centre section for the girder in the previous question, taking 
the depth of girder at 8 feet, and the working stresses at 4 tons per square 
inch of gross section in compression, and 5 tons per square inch of net sec- 
tion in tension. Assume thickness of plates and size of rivets as you think 
best. (I.C.E., Oct., 1897.) 

4. The platform of a bridge 160 feet span is carried by cross-girders 
resting on the lower joints of a pair of Warren girders (the members 
inclined at 60°). Assuming eight bays, find the stress on each member of 
the girders due to a uniform load of 4 tons per foot run covering the 
platform. (I.G.E., Oct., 1899.) 

5. If a uniformly distributed travelling load of 4 tons per foot run 
traverse the bridge of the preceding question, describe how the stress due 
to it on the centre diagonals of the Warren girders varies during the 
passage, and find the magnitude of that stress when the load extends from 
one end to the centre. Compare it with that due to the fixed load. 
(I.C.E., Oct., 1899.) 

6. A cantilever girder bridge consists of a central girder span 2a, the 
extremities of which are jointed to the ends of cantilevers of length c 
projecting from the piers. The bridge is uniformly loaded throughout the 
span ; find the straining actions at any point, and explain how they are 
reduced by the cantilever construction as compared with a simple girder 
bridge of the same total span. (I.C.E. , Oct., 1899.) 

7. A beam is strengthened by the addition of tension rods below 
attached to the lower end of a vertical strut supporting the centre, the 
whole forming a simple triangular truss of given span and depth. Find 
the stress on each member of the truss when loaded with a weight in the 
centre. (I.C.B., Oct., 1899.) 

8. Find the centre of gravity of the area in one corner of an equilateral 
triangle cut off by its inscribed circle. {I.C.E., Feh., 1900.) 

9. A beam is strengthened by the addition of tension rods below 
attached to the lower ends of two vertical struts dividing the span 
into three equal parts, the whole forming a simple trapezoidal truss. 
Find the stress on each member when the oeam carries a uniformly dis- 
tributed load, and describe the effect of a load which is not uniformly 
distributed. (I.C.E., Feb., 1900.) 

1 0. Explain how you would find experimentally, and also by calculations 
the centre of gravity of a uniform board of any given shape. A ship, with 
its equipment, weighs 6,000 tons. How far will its centre of gravity 
move if a gun weighing 30 tons is moved a distance 20 feet across the 
deck. (I.C.E., teb., 1901.) 
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11. Alight framework, consisting of four jointed rods in the form of a 
trapezoid A B C D, and a fifth rod connecting D and B, and having A B 
parallel to C D, is suppo ted 

at D and C with DC hori- 
zontal. It is now loaded 
with 100 lbs. at A ; find the 
pressures on the supports at 
D and C and the stresses 
in the various rods. The 
dimensions are A B = 7, 
B C = A D = 15, D B = 20. 
DC =25. 

(I.C.E., Feb., 1901.) 

12. A beam, A B C D E, has a vertical supporting force at A. At E there 
is a pin-joint support. A B is 5', B C is 2', C D is 6', D E is 4'. There are 
vertical loads of two tons at B, and 3 tons at D, and at C there is a load 
of 5 tons inclined at 30° to the vertical, its horizontal component being 
towards A. The beam is symmetrical in section and weighs J ton. All 
the forces are in one plane. Find graphically the supporting force at A 
and the reaction of the pin-joint support at E. (I.C.E., Ud>., 1901.) 

1 3. The cross section of a cast-iron girder has the following dimensions : 
total depth 12 inches, top flange 3 inches by 1 inch, bottom flange 9 inches 
by 2 inches, thickness of web 1 J inch. Assuming the web to be of uniform 
thickness throughout, and all the comers and edges to be square, find 
yraphically the position of the " centre of area," or " centre of gravity " of 
the section. (Draw the section half -full size. ) (I.C.E., i^feft., 1902.) 

14. A continuous girder consists of two spans. One span of 100 feet is 
loaded with If tons per foot run, the second span of 80 feet is loaded with 
2i tons per foot run. Find the values of the supporting forces, and the 
maximum bending moment for the whole girder. Both ends of the girder 
are free. {I.C.K, Feb., 19(&.) 

15. Find, by graphic construction, the centre of gravity of a section of an 
i beam, top flange 4 inches by 1 inch, web, between flanges, 14 inches by 
IJ inch, bottom flange 9 inches by 2 inches. (I.C.E., Oct., 1902.) 

16. A parabolic girder has 4 bays, verticals from the intersection of the 
straight members of the upper chord support the cross-girders : the upper 
ends of the two verticals at quarter and 
three-quarters the length are connected by 
braces to the feet of the centre vertical, show 
that the length of these braces is a measure 
of the maximum stress they will have to 
sustain, on the same scale that the length 
of the lower chord represents the horizontal stress when the live load 
covers the span. (I.C.E., Oct., 1902.) 

1 7. A roof, as in sketch, is loaded as shown ; find the stresses in its 
members. (I.C.E., Oct., 1902.) 
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18. A girder 100 feet long Is suppoi-ted 20 feet from each end, and 
carries a uniform load of 2 tons per foot run ; draw the diagrams of 
bending moment and shearing force. (I.C.E., Oct., 1902.) 

19. A Warren girder, length 100 fast, is divided into five bays on the 
lower flange, the length of the inclined braces being 20 feet ; if loads of 
30 tons are carried by the girder at the jointr 20 feet and 40 feet from one 
end, find the stresses in the members. (I.C.E., Feb., 1903.) 

20. If a uniform live load moves over the bridge in the previous 
question, in what positions of it would maximum stresses in the various 
members be produced? (l.O.B., Feb., 1903.) 

21. A girder 100 feet long is supported at each end and in the middle, 
and carries a uniform load of 2 tons per foot run. Draw the bending 
moment and shearing force diagrams, and find the pressure on each 
support. (I.C.E.,i''e5., 1903.) 

N.B. — See Appendices £ and Gfor other questions and answers. 
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LECTURE VI. 

Contents. — Parallel Forces — Pressures and Reactions from the Supports 
of Loaded Beams — Example I. — Bending Stresses, Neutral Surface 
and Neutral Axis — Bending Moments and Shearing Forces on 
Cantilevers and Beams — Cantilever loaded with a single concentrated 
weight at its outer end — Cantilever loaded with three concentrated 
loads — Cantilever with load distributed uniformly over its whole 
length — Cantilever with a uniformly distributed load over its whole 
length together with a concentrated load acting at the free end — 
Cantilever with a uniformly distributed load over part of its length — 
Beam supported at both ends and loaded with a single concentrated 
load at the centre of the span — Beam supported at both ends and 
loaded with a single concentrated load in any position — ^Beam 
supported at both ends and loaded with several separate concentrated 
loads — Beam supported at both ends and loaded throughout its 
length with a uniformly distributed load — Example II. — ^Beam 
carrying a uniformly distributed load over the whole of its length 
and a single concentrated load — Beam supported at both ends and 
loaded uniformly over a portion of its length not extending to either 
abutment — Graphic Construction of the Parabola upon a given base, 
while the height is obtained by calculation, in the case of a beam 
carrying a uniformly distributed load — Questions. 

Parallel Forces. — The parallelogram of forces enables us to 
find the resultant of two forces which intersect ; but, since paral- 
lel forces do not intersect, we are unable to apply that construc- 
tion to determine the resultant of any two parallel forces. We 
can, however, find this resultant very simply by other means. 
Hence, to explain the method of doing so, let us take a beam 
supported at its extremities and loaded in the middle. Then, not 
only the weight of the beam, but also the load produce pressures 
on the supports, and it is evident that they will bear it equally. 
If the weight be placed to either side of the centre, we can easily 
understand that the support nearer to the weight must bear more 
than the remote one. But, it is not so easy to see in what pro- 
portion, the weight is divided between the supports. Students may 
refer to Lecture III., Vol. I., before studying the following 
propositions. 

Pressures on and Beactions from the Supports of Iioaded 
Beams. — Let us employ the apparatus shown in the accom- 
panying figure. An iron or graduated wooden bar is supported 
by means of eye-bolts from the hooks of two spring balances, as 
shown in the figure. Tliese hooks are exactly one metre apart. 
Before any of the four weights is suspended from the beam, the 
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spring balances show a pressure of so many units to the 
weight of the beam itself. If we divide the length of the bar 
into as many equal parts as there are pounds in the single weight 
which we shall now suspend from it, then the additional pressure 
at one end as registered by the nearer spring balance will be re- 
presented by the number of divisions that the weight is distant 
from the other end. For example, suppose we place a weight of 
4 lbs. at J of the distance between the balances from the lefi- 




BXPEBIMENTAL APPARATTTS FOR DETEBMINIKG THE REACTION AT 

THE Supports of a Horizontal Beam, when Equally 
AND Unequally Loaded. 



hand support, then we shall find from the nearer spring balance 
that the additional pressure is 3 lbs. But, the weight is then 
exactly f of the whole distance from the other end, consequently 
the other balance will indicate i lb. of additional pull. 

Let us suspend, two, three or four weights from the beam 
as shown in the figure. We must now find the pressures which 
each weight taken separately produces according to the above 
rule. These results are then added together, and to half the 
weight of the beam, to give the total pressures on the two 
balances. The principle involved in these calculations is of the 
very greatest importance. 

ExASTPLE I. — A uniform beam, 12 feet long and weighing 
100 lbs., is supported at both ends, and carries a weight of 2 cwt. 
at a distance of 3 feet from one end ; find the pressure on each 
point of support. 
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Take moments round B, then 



RixAB = WxDB + wLxCB 
Ej X 12'= 224x9+100x6 

R2616 _, „ ,, 
1=^ = 218 lbs. 

12 



To find Rj, we get 



.'. Eg = 224+ 100-218 
Or, R2= 106 lbs. 



iioeibs. 




UNiroKM Beam Suppoetbd and Loaded as Shown. 

Bending Stresses, Neutral Siirface and Neutral Axis. — 
If a cantilever be loaded, either with a uniformly distributed 
load over its whole length or a single concentrated load acting at 
its free end, then the fibres or resisting material of which the 
beam is composed will be subjected to a tensile stress tending to 
stretch or elongate the upper layers ; whilst those in the lower 
half will be subjected to a compressive stress tending to compress 
or crush the fibres. These actions are graphically represented by 
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Neutbal Subpacb and Neutral A.xis in a Cantilevbe 
Loaded at Outer End. 

the accompanying figure. There must therefore be one layer or 
Iiorizontal longitudinal section which is neither in tension nor in 
compression. This surface is known as the neutral surface, and 
its intersection on any transverse section, is called the neutral 
axis of that section, as shown by the small figure on the right 
hand. 
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If a beam be supported at both ends and loaded anywhere 
between the bearings (as shown by the first and second figures in 
this Lecture), then the upper set of layers are naturally in com- 
pression and are shortened, whilst the under set are in tension * 
and are lengthened so that the centre of its curving is above the 
beam. In the above cantilever the reverse takes place. 

Bending Moments and Shearing Forces on Cantilevers 
and Beams. — From the previous article we shall consider the 
bending moments in the cantilever as negative, and the bending 
moments in the loaded beam, which is supported at both ends, as 




BENDING MOMENT 
DIAGRAM 



W 



.R SHEARING FQRC&vDlAGRAa 



(i) Cantilever Loaded with a Single Concentrated Weight 
AT its Outer End. 

positive. We shall see from the illustrations which follow, that 
in continuous beams the bending moments are partly positive and 
partly negative. Also, a shearing force at any particular section 
will be considered positive when it tends to shear the right-hand 
portion of the beam in an upward direction. 

The bending moment at a given section of a loaded cantilever is 
equal to the sum of the moments about that section of all the 
loads between it and the free end of the cantilever ; whilst, the 
shearing force at any section is equal to the sum of the loads 
between the section and the free end of the cantilever. 

* It is therefore clear that a wooden beam may have a saw-cut inserted 
into the upper set of layers without very materially affecting the strength 
of the beam, if the edges come together and jam up the saw-cut in the 
bending of the beam ; or, if a wedge be inserted into the cut so as to 
transmit the compressive stresses. A saw-cut, however, in the lower side 
would greatly affect the strength of the bean;. 
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The bending moment at a given section of a beam, which is acted 
on by external loads, is equal to the algebraic sum of the moments 
of all the external forces acting on the portion of the beam on 
either side of it ; and the shearing force at any section is the 
Algebraic sum of all the external forces acting on either portion 
of the beam into which the section divides it. 
I In all cases when^ the loading is not continuous, but changes 
abruptly at one or more points of the span, it is necessary to 
consider separately each portion of the beam between the points 
of discontinuity. 

In representing bending moments and shearing forces graphi- 
cally by the aid of diagrams ; they are each considered positive 
when measured above a horizontal datum line ; and negative when 
measured downwards from this line. 

It is also well to note, that the ordinates in the bending- 
moment diagram represent either lb. -inches, lb. -feet or ton-feet, 
whereas the ordinates in the shearing-force diagram represent 
lbs., cwts. or tons. 

(i) Cantilever Iioaded with a Single Concentrated 
Weight at its outer end. — Let the load W be placed at the 
outer end B of a cantilever of length L which is fixed at the end 
A into the wall at right angles, as shown by the previous figure. 

The Maxirmmi Bending Moment at A is B.M. a= - W x L, 

and The Maximum Shearing Force at A is S.F.a = - W= - R. 

This maximum bending moment occurs at the point of support. 
If the cantilever was of uniform section and material ; then, it 
would be broken close to the wall by a load sufficient to overcome 
the mament of resistance of the cantilever. 

The diagram of bending moment is a triangle, where aa^ = 
WL, and the moment at any section is represented by the vertical 
ordinate at that point, 

The diagram of shearing force is a rectangle, since all ordinates 
are equal to W, or also equal to R in this case. 

(2) Cantilever loaded with three concentrated loads. — 
Let AB be the cantilever fixed at end A. It is loaded at points 
C, D, B with weights Wj, Wj, W,, which are acting at distances 
aij, oSj, iBj respectively from the fixed end as in the next figure. 

The maximum bending moment occiirs at the fixed end A of 
the cantilever, and is equal to 

The Maximum B.M-a = - (^rh + W^, + W3X,). 

The maximum shearing force at the fixed end A is equal to 

Th» Maximum S.P . = - (W, + W.-i- W,) R. 



CANTILEVER WITH CONCENTRATED LOADS. 
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To draw the diagram of bending moments.— h&t the horizontal 
line a b represent the cantilever. ' Draw a e at right angles to a b 
and let its length represent, on a scale of moments, the moment 
of W3 about the fixed end A, i.e., WjtCj. Produce ae to/, making 
e/ represent the bending moment W^ x^; and, similarly /asj re- 
present the bending moment Wj asj on the same scale of bonding 




W, SHEARING FORCE DIAGRAM 



(2) Cantilever Loaded with Three Concentrated Loads. 



moments. Now, join e to b, and let Cj be the point on 6 e, verti- 
cally below Wg. Join /to Cj and let d-^ be the point on/cj verti- 
cally below Wj ; then join a-^^ to d^. The polygon a b c^dja^ will 
represent the diagram of moments for the whole cantilever. The 
bending moments at any section of the loaded cantilever will be 
found, by measuring on the scale of bending moments the length 
of the ordinate of the polygon drawn vertically below the point 
which is being considered. 

The shearing force diagram, for this loaded cantilever is shown 
underneath the bending moment diagram. In order to find the 
shearing force at any section of the loaded cantilever, you draw 

Note. — WJien a cantilever is loaded with one or more concentrated weights, 
the shearing force or stress at amy section is equal to Hie sum of the weigJUs between 
the section and the free end of the cantilever. 
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a vertical line downwards from the section, and measure upon 
she shearing force scale, the length of the vertical ordinate of the 
stepped diagram at that section. 

(3) Cantilever with load distributed uniformly over its 
whole length. — Let L be the length of the cantilever, and w 
the uniformly distributed load per unit of length, i.e., per foot 
run. In this case, the total load W = wh, and this weight W 
may be assumed as acting at its centre of gravity. 

It will be seen, that the bending moment at any section 




SHEARING FORCE 
DIAQSAM 

(3) Cantilever with Load Distributed Unifoemlt 
OVER ITS Whole Length. 



which is distant x feet from the free end of the uniformly loaded 
cantilever is, — 

X wx^ 

2 



B.M.^= - wx X - = 

2 



Hence, taking moments about the edge of the support where 
a;=L, we get 

The Maximvm B.M.a= - m;L x -= - '^. 

2 2 

Since the bending moment varies as the square of the distance 
of the section under consideration from the free end of the can- 
tilever, the successive bending moments may easily be represented 
by the ordinates of a parabola, of which the free" end of the can- 
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tilever may be taken as the vertex (see my Elementary Manual 
0/ Applied Mechanics, Lect. XXI., for the properties of a parabola). 
The shearing force at any section which is distant x feet from 
the free end of the uniformly loaded cantilever is,^- 

S.F.^= - wx. 

The maximum value of the shearing force occurs at the fixed 
end, and its value is, — 

77ie Maximum S.P.a= - toL= - W= - R. 

To draw the diagram, of betiding m,oments. — Let ab represent the 
cantilever. 

At a draw a vertical line downwards and make the length aaj 

wL? WL 
on any scale of bending moments to represent = Now 

2 2 

draw a parabola to pass through the point Wj and to touch ab 
at b. The bending moment at any section of the uniformly 
loaded cantilever is found by measuring the length of the ordinate 
to the parabola 6a„ to scale at that point. 

The diagram of shearing force for the uniformly loaded can- 
tilever is a triangle as shown by the figure. 

This cantilever would also break close to the wall if made of 
uniform section and material. But, as we see, it would sustain 
double the load of the first case, where the concentrated load was 
acting at the free end of the cantilever. Therefore, since the 
bending moment is only half what it is in the first case, it will take 
twice the load in this instance to break the cantilever close to the 
wall. 

(4) Cantilever with a uniformly distributed load over 
its whole length together with a concentrated load acting 
at the free end. 

Let W be the weight acting at the free end, and w be the 
uniform load per unit of length of the cantilever. 

Then, the bending moment at a section distant x feet from the 
free end is, — 



B.M.,= - Wa; + ^^ 



wx 



The maximum bending moment occurs at the fixed end of the 
cantilever, where a; = L. 



_/wL + ^' 



The Maximum B.M., 

Also, the shearing force at any section of the loaded canti- 
lever is. — 

s.r.,- -(w+wk). 
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The maximum value of the shearing force which occurs at the 
fixed end of the cantilever A is, — 

The Maximum S.F.a (W + wL). 

To Draw the Diagrams of Bending Moment and Shea/ring 
Force. — 

(a) You draw the diagram abd of bending moment for the 
concentrated load W OTily. 




BENDING MOMENT 
DIAGRAM 




SHEARING FORCE 
DIAGRAM 

(4) Cantilever with a Uniformly Distributed Load over 

ITS Whole Length together with a Concentrated 

Load Acting at the Feee End. 



(6) Then, draw the diagram abe of bending moment for the 
uniformly distributed load only. 

(c) Combine the ordinates of each of the two diagrams abd and 
abe, when you obtain the diagram aba^, which represents the com- 
bined diagram of bending moments for the concentrated and 
uniformly distributed loads acting upon the cantilever. In the 
same way, you obtain the combined diagram of shearing force for 
both the concentrated and uniformly distributed loads. Conse- 
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quently, the ordinates of the diagrams of bending moment and 
shearing force in each case are equal to the sum of the ordinates 
of the diagrams for each load taken separately. 

(S) Cantilever with a Uniformly Distributed Load over 
Part of its Length. — Let x be the length of the cantilever AB 
which is loaded with a uniform load w, per unit of length. 

Then, maximum bending moment at the fixed end A is, — 



The Maximum B.M.a = - ivx 



M- 



The maximum shearing force at the fixed end A is- 
The Maayimum S.P.a= - wx= - R. 




(5) Cantilever with a Uniformly Distributed Load over 
Part op its Length. 



To Draw the Diagrams of Bending Moments and Shearing 
Force. — 

(a) Let ab represent the cantilever, and draw aosj vertically 
downwards. 

(6) Now, consider the load as concentrated at its centre of 
gravity, and mark off aa^ to scale, as for a single load wx acting at 
the point C of the cantilever. 

(c) Join ttj to c the central point of db. It will be found that 
the vertical ordinate dd.^ represents the value of the bending 

moment at D, and it is equal to 

2 

(d) Join dj to b. 

(e) Now, consider DB as a cantilever fixed at D, and loaded 
3 9 
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uniformly along its whole length. Draw the diagram of bending 
moments to the same scale, which will be a parabola for this 
case, so -- — ^ - 

(/) Take the lengths of several ordinates of this parabola, and 
at the corresponding points along the inclined base-line d-fi prick 
off upon the vertical lines these values. 

{g) Then abd^a, will be the curve of bending moments for the 
loaded cantilever, which is made up of the straight line ajd-^ and 




BENDING MOMENT DIAGRAM 



"l 2 



W 



SHEARING FORCE 
DIAGRAM 



(6) Beam Sfppoetbd at Both Ends and LoAded with a Single 
Concentrated Load at the Centre of the Span. 



the semi-parabolic curve d^c^b, whilst the straight line is a tangent 
to the curve at the point dj. 

The diagram of shearing forces is obtained by similar reasoning 
(6) Beam Supported at Both Ends and Loaded with 
a Single Concentrated Load at the Centre of the Span.— 
Consider the case of a rectangular beam of span L feet, where 
the load W IS placed at the centre of the beam 0, about which we 
desire to find the transverse stress or bending moment, as well as 
the shearing force. Then, neglecting the weight of the beam itself, 
and confining our attention solely to the load W, we know that 
the reactions at A and B = — . 



BEAM WITH SINGLE CONCENTRATED LOAD. 
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The bending n)oment at any section distant x feet from end B 

of the beam is, — 

W 
B.M,,= R2a5; and the shearing force S.r.;^=Rj= — 

2 

The bending moment for any section taken between W and 
end A is : B.M. = Rj (L - x). 

The maximum bending moment occurs at the centre of the 
span, and its value is, — 

The Mammv/m B.M. a = R, — = 

4 

The diagrams of bending moment and shearing force are drawn 
below the beam, and should present no difficulty to the student. 




BENDING MOMENT DIAGRAM 
I 



?,=Wk?)j 



L ^i 



SHEARING FORCE DIAGRAM 



(7) Beam 'Supfoeted at Both Ends with a Single 
Concentrated Load in ant Position. 



(7) Beam Supported at Both Ends and Iioaded with a 
Single Concentrated Iioad in Any Position. — Let AB be a 
uniform beam of length L feet, supported at both ends and carry- 
ing a weight W at a; feet from the left-hand support A. 

Then, by taking moments about the point B, we have — 
RiXL = W(L-a:) 

.■. reaction at A = R, = — ^— '- 



And reaction at B = R„ = 



Wa 



The bending moment at any section of the beam betweeen B 
and 0, and at a distance y feet from B is, — 

B.M., = R,y = W^2/. 
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The maximum bending moment occurs at the section of the 
beam where the load acts, and its value is, — 

The Mammum B.M.c = R,(L - a;) = W| (L - x). 

The bending moment for any section of the beam which may 
be taken between the points A and C is, — 

B.,y-W[y-(Jj-x)] = Wp/-Wi/ + W(L-a!), 




W. SHEABING FORCE DIAGfiAM 



(8) Beam StrppoKTBD at Both Ends and Loaded with Several 
Separate Concentrated Loads. 

Or it is — 

Ri(L - y) = ^^:ii^\L -y) = W^y-Wy + W(L - x). 

To Draw the Diagramis of Bending Moment and Shearing Force. 

The vertical ordinate cCj represents to scale the value of the 

'WxCL - x) 
bending moment i= i. The bending mbment at any other 
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section of the beam is represented by that portion of the vertical 
line, which is drawn from the beam, and contained between the 
horizontal and inclined lines. 

In the diagram of shearing forces, the positive shearing force 
in the right-hand portion of the loaded beam is equal to Rj, 
whilst the negative shearing force in the left-hand portion is 
equal to Rj or R, - W. The two rectangles which make up the 
diagram of shearing force have equal areas. 

(8) Beam Supported at Both Ends and Loaded with 
Several Separate Concentrated loads. — Let L be the length 
of the span, and Wj, W^, Wj, the loads which are acting at 
the respective distances x^, ss^, x^ from the left-hand support in 
the figure on the previous page. 

Then, 

Reaction at B = R, = '^la'i + "V^^a + ^3^3 . 

Reaction at ^^r^^ W.(L-..)+W.(L- .,) + W^CL- .3). 

To find the bending moment at any section distant y feet from 
the right-hand support, say between E and C, let us consider 
the right-hand portion, when we get 

To Draw the Diagrams of Bending Moment and Shearing Force. 
The diagram of bending moments may readily be obtained by 
drawing the diagrams for each concentrated load separately in 
the first instance, and then combining them by adding the 
ordinates as shown in the figure, where ddj^ = dl + dk + df. The 
separate diagrams are shown in dotted lines, and the final diagram, 
derived from them, is shown in full black lines. 

The shearing force diagram is shown and is obtained by super- 
position in a similar manner to the bending moment diagram. 

(9) Beam Supported at Both Ends, and Iioaded Through- 
out its Length with a Uniformly Distributed Load. — Let L be 
the length of the beam, and the uniform load be w units per foot run 
of span. Then, the total weight W=toL. The reaction at each 

. . wJj 
support is — -. 

The bending moment a.t any section distant x from the right- 
hand end B of the beam is, — 

B.M.,= (R,a; - wa; X - V - (I^ - a^') = — (^ - '«>• 

2/2 2 
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This is a maximum when x = JL, 

.■. The Maximum B.M.c = — ^— = —^ — 

o o 

The curve of bending moments is a parabola with its origin 

L 
of co-ordinates at a point on the curve distant — from the axis. 




424 424 




SHEARING FORCE DIAGRAM 



(9) Beam Supported at Both Ends, and Loaded Throughout 
ITS Length with a Uniformly Distributed Load. 



Hence, to draw the diagram of bending moments, you set up the 

ordinate cci from the centre, to represent — =-, and draw a para- 

8 

bola passing through acfi. 

The shearing force at any section distant x feet from the right- 
hand support is, — 

S.!P.^=R3- wx^wi— - X 

The shearing force is positive when x is less than — , and 

2 

engative when x is greater than -. The shearing force gradually 
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decreases from . the value ( _ ) at the left hand support, to 

zero at the middle, and increases uniformly to ( + — 1 at the 

right-hand support. 

Example II. — A uniform beam 12 feet long weighs 400 lbs., 
and is supported at its extremities. Find the bending moment 
tending to break the beam at a point 3 feet from one end, and 
the shearing force. 

Answer. — Here we have only to consider the weight of the 
beam just as if we had been considering a uniformly distributed 
load. Consequently, the previous figure will help the student, 
for the point about which we have to take moments is evidently 

3 feet from one end, or — , =. i of the whole length between tlie 
12 

supports from one end.* Let that point be — from A. Then the 

4 

weight of this part - =^ of 400 lbs. = 100 lbs., and may be con- 
4 

sidered to act at a point — from A, or halfway along — from A 
8 4 

W 
and downwards. In the question — = 100 lbs. for the whole 

4 
weight of the beam, or m)L= W = 4oo lbs. Toe total weight W 

W 
produces upward reactions at A and at B = — = 20olb8. 

Then, by taking moments about the point 3 feet from A. we 
have, — 

/W L W L\ /WL WL\ 3,,,^ 3x400x12 

N.B.— Students may always check the B.M. result as found 
irom one end, by taking moments about the same point from the 
other end. The two results must be equal to each other, for 
there is equilibrium between their effects. Therefore, by taking 
moments about the same point 9 feet from B we have, — 

* If the student experiences any difficulty in understanding the above 
reasoning, he should at once draw down a figure to scale, marking all dis- 
tances, weights, reactions, &c., at their proper places. 
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B.M. = f:^.3L_3^^i^3j^\ 
\ 2 4 4 24/ 

B.M-^3yL 9WL\ / i2WL-9WL \ 3WL 

' I 8 32 /\ 32 / 32 

_ -_ ■? X 400 X I 

B. M. = i-^r = 45 Ibs.-ft. Or, the same result as before. 

32 ' 

Shearing Force. — As was previously pointed out in this Lecture, 
the shearing force or load at am,y point or any transverse section 
of the heam is equal to the resultant or algebraical sum of all the 
parallel forces on either side of the point or section. 

Consequently, in this example, the forces on the A side of the 

\V 
section, where the shearing force is asked for, are — acting verDi- 

W ' 

oally upwards at A and — downwards, 
4 
.*, The Shearing Force to Left of the Section 

W W W 400 ,_«„, . 

= — - — = — = ~ — = 100 Iba. iMyujards 
2444 

The Shearing Force to Sight of the Section 

= 3W _ Z = I[ = 45? „ 100 lbs. dovmioards. 
4244 

(10) Beam Carrying a Uniformly Distributed Load over 
the Whole of its Length and a Single Concentrated Load. 
Let AB represent the beam of length L feet supported at A 
and B. This beam is carrying a uniformly distributed load of 
w units per foot-run of span, together with a concentrated load W 
acting at the point D as represented by the figure on next page. 

The reaction at B = B,,=— + ~. 

2 4 

The shearing force at any section between B and D distant 
X feet from B is, — 

o.J).,= K„- toa! = — H — - wx. 

2 4 

The shearing force at support B is, — 





S.P.3=R,= 


wL 


W 






2 


4 


The 


shearing force at section D 


is,— 






s.r.B=R,- 


4 





BEAM SUPPORTED AND LOADED WITH MIXED LOADS. 
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The shearing force at any section between D and A distant 
X feet from B is, — 

(ii) Beam Supported at Both Ends and Loaded Uni- 






^4:fJ-R2 




(lo) Beam Caeeying a Uniformly Distribtjtbd Load over the 
Whole of its Length and a Single Concentrated Load 

formly over a Portion of its Length not Extending to Either 
Abutment. — Let AB represent the beam of length L, and loaded 
over the portion DB, with a weight w units per foot run of 
length. Let DE = a; and EB = l^. 

Then the total load on the beam = wx lbs. 
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The reactions at the supports are 

X 

E, = wa; —^ — 

L-('^, + *^ iox(l + -) 




SHEARING FORCE DIAGRAM 



(II) Beam Sitppoetbd at Both Ends and Loaded XTnipoemly ovek 

A POETION OF ITS LENGTH NOT EXTENDING TO ElTHBE ABUTMENT. 

The bending moment at any section between B and E, where l^ 
is the distance from the right-hand abutment, is given by the 
equation, — 

B.M,3=RA=^<^i + f)- 
The bending moment for any section between E and D 

The bending moment for any section bepween D and A 

■Prom one of these three equations we can determine the 
bending moment at any section of the beam. 



GRAPHIC CONSTRUCTION OP THE PARABOLA. 
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To Draw the Diagram of Bending Moments. — Let ab represent 
the beam. Then, the load extending over the portion de (which 
is equal to x) acts at 0, which is the centre of DE. Consider 
the weight of the whole load as if it were concentrated at C. 
Draw the diagram afb for this load. Now consider the length 
DE as if it were a uniformly loaded beam supported at D and E. 
Draw the parabola on de for this load (to the same scale). From 
d and e draw verticals dd^ and ee, meeting af and bf at c?, and e^ 




respectively. Join rf,e, and draw vertical ordinates above de 
equal to the ordinates of parabola on de. Then ad ceb is the 
diagram of bending moments. 

Graphic Construction of the Parabola upon a Given Base, 
while the Height is Obtained by Calculation, in the Case of 
a Beam Carrying a Uniformly Distributed Load.* 

First Method. — Let AB be the given base or length of beam, and 




let D be the vertex of the required curve, which is directly over 
C, the middle point of AB. The parabola in this instance will 
be symmetrical. 

* See The Trwns. of the Inst, of Engs. and Shipbuilders, vol. xxxiii., 1889- 
go, for paper on "The Alexander-Thomson MoiDent Delineator, and its 
Application to Maximum Bending Moments due to Moving Loads," by 
Prof. Thomas Alexander, M.A., and Mr. Arthur W. Thomson, B.Sc. 
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Set ofi CD perpendicular to AB, and make its height equal to 
the maximum bending moment. Complete the rectangle AEFl;. 
Divide AE into any number of equal parts, and ED into the same 
number, marking each division as shown by the accompanying 
figure. Join the vertex D to the points i, 2, 3, 4, and through 
the points i', 2', 3', and 4' draw lines parallel to DO cutting the 
lines drawn through D. The points of intersection of correspond- 
ing pairs of lines are points on the curve. Then the curve is 
drawn from A, through the points of intersection to D. The 
figure being symmetrical, the other side will be the same, and 
when completed, will give a ready approximation to the parabola. 

Second method. — Suppose, as in the first method, that we found 
by calculation the maximum bending moment. Then take 0, the 
middle point of AB, and draw OE perpendicular to AB, setting 
ofi' CD and DE each equal to the maximum bending moment. 
Join EA and EB, and divide these lines into any, but the same, 
number of equal parts at i, 2, 3, 4, and i', z', 3', 4'. Join i,i' ; 
2,2' ; 3,3' ; 4,4'. These lines will be tangents to the required 
parabolic curve, and can be drawn to touch these lines. 
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Lbcthbe VI. — Questions. 

I. A beam of wood, rectangular in section, is fixed at one end and 
loaded at the other. What is occurring at various places in any imaginary 
cross section ? Sketch any thing you have seen or used which illustrates 
your ideas about bending. 

2. State ctearly what occurs at a cross section of a loaded beam. What 
Is the neutral line of the section ? Where is it t (B. of E. 1904. ) 

3. A uniform beam 10 feet long, and weighing 1000 lbs., Is supported at 
both ends. A weight of 100 lbs. is placed at a distance of two feet from 
one end ; find the pressure and reaction at each point of support and make 
a. side view of the arrangement to scale, marking on your sketch the 
weights, distances, and reactions at each place. Ans. 580 lbs. ; 520 lbs. 

4. A cantilever projects S feet from a wall and carries a load of 400 lbs. 
at its free end. Calculate the bending moment and shearing force at 
(i.) the wall, (ii.) its middle. 

5. A cantilever, 16 feet long, supports four loads of 3, 5, 6, 8 tons, 
situated at distances from the fixed end of 16, 12, 6, 3 feet respectively. 
Find the bending moments at the fixed end, and at a section 9 feet from 
the fixed end. 

6. A cantilever, 6 feet long, carries a load of 600 lbs. uniformly dis- 
tributed. Calculate the bending moment and shearing force at intervals 
of 2 feet along its length. 

J. A cantilever, 4 ft. long, carries a uniform load of 5 cwt. per foot run. 
and a load of t ton at its extremity. Sketch the curves of shearing force 
and bending moment, and find their values at 2 and 4 ft. from the free end 
of the cantilever. 

Ans. S.F. at 2 ft. from free end=i"S tons. 
B.M. at „ „ „ =2-5 tons-ft. 

S.f*. at4ft. „ „ =2 tons. 

B.M. at „ „ „ =6 tons-ft. 

(C.&G., 1903, O. Sec. B.) 

8. A cantilever, 20 feet long, has a load of i ton per foot-run distributed 
over one-half of the beam reckoning from the free end. Determine the 
bending moments and shearing forces at the fixed end, and at 6, 8, 12, and 
18 feet from the fixed end. 

9. A beam 12 feet long is supported at its ends, and is loaded with a 
weight of 3 tons at a point two feet from one end. Find the bending 
moment at the centre of the beam, and also the shearing force. 

Ans. B.M. =36 ton-inches, S.F.=o-S ton. 

10. A beam 40 feet long is supported at its ends, and is loaded with 
weights of 5, 6, 7, 8 tons, situated at points distant from the left abutment 
of 5, 10, 20, and 30 feet respectively. Draw the diagrams of bending 
moment and shearing force, and find the values at these points. 

Ans. 

1 1. Abeam 30 feet long is supported at both ends, and is loaded throughout 
its length with a uniform load of i^ tons per foot run. Draw diagrams of 
bending moment and shearing force, and find the values at J, |, and ^ the 
span from the left abutment. 

12. A girder, which rests on supports at its end, is left, long, and carries 
a uniformly distributed load of i ton per toot run over 5 ft. of its length, 
the load commencing i^ ft. from the left-hand support. Calculate the 
shearing force and bending moment at a distance of 3 ft. from the left- 
hand support. Ans. S.F.= - I'S tons ; B.M. =7-875 tons-feet. 

(0. & &., 1904, 0, Sec. B.) 
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13. A beam 6efeet span is loaded uniformly with i ton per foot-run over 
the portion commencing at 12 feet from the left supportand ending at the 
middle of the beam, or for a distance of 18 feet. Find the bending 
moments at each end of the load, and also the positioB and magnitude of 
the maximum bending moment. Draw the diagrams of bending moiuents 
and shearing force. 

14. A beam 50 feet span is loaded uniformly for a distance of 36 feet, 
measured from the left abutment, with 10 owts. per foot-rnn. Find the 
position of the maximum bending moment, and its amount ; also, find the 
bending moment at the centre of the beam, and draw the diagrams of 
bending moment and shearing force. 

15. Define what is meant oy the bending moment and the axis of a 
beam. A uniform beam 10 feet long weighs 500 lbs., and is supported at 
its extremities. Find the bending moment tending to break it at a point 
4 feet from one end. Am. 600 lbs.-ft. 

16. A bar of pine 44 inches long rests on props at its extremities, and 
just supports 10 weights, of 14 lbs. each, hung at eqnal intervals of 4 inches 
along the rod. Find the amount of a single weight whioh, if hung at the 
centre of the bar, wonld strain it to the same extent. Ant. 76 '36 lbs. 

17. A batten of fir, 6 feet in length and supported at its extremities, will 
just sustain a load of 520 lbs. when hung at the centre. If this weight be 
removed, and two weights, each equal to P lbs., be hung at distances of 2 
and 4 feet along the bar, what is the greatest valne which maybe assigned 
to P ? Am. 390 lbs. 

18. A strip of pine, 30 inches in length between the points of support, 
is loaded with 26 lbs. hung at the centre. If weights of W lbs. are hung 
on the strip at distances of 10 and 20 inches from one end, what is the 
value of W which will produce the same bending moment at the oentre as 
in the first instance ? Ana. W = ig^ lbs. 

N. B. — See Appendices B and O for oilier questkraa cmd answers. 
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Contents. — Beam hinged at one end and overhanging a pier with 
Loading at the Free end and between the supports — Beam hinged 
at one end and projecting as a, cantilever beyond its other support, 
with a uniform load upon the beam and a single concentrated load at 
the projecting end — Beam supported at two points intermediate 
between the ends, and loaded at its extremities and centre, with 
concentrated weights — Beam overhanging two Piers, loaded with a 
single concentrated load at each end, and a uniform load between the 
piers — Beam overhanging two Piers, and loaded with a uniformly 
distributed load over its whole length — Fixed or Encastr^ Beams — 
Beam of Uniform section securely fixed at the Ends and loaded at 
the centre — Beam of uniform section fixed horizontally at the ends 
and uniformly-loaded — Beam of uniform section fixed at both ends 
and loaded uniformly over a portion of its length, but not extending 
to either abutment — Moment of Resistance opposed to the Bending 
Moment — Strength of Rectangular Beams — Relative Strength of 
Rectangular Cantilevers and Beams supported and loaded in Different 
Ways — Comparison of the Loads and Sizes of Beams by Proportion — 
Example I. — Different Sections of Cast-Iron, Wrought-Iron, and Steel 
Beams — Cast-Iron Beams or Girders — Wrought-Iron Beams and 
Girders — Steel Beams — Questions. 

(12) Beam Hinged at one end, and overhanging a Fier, with 
loading at the free end and between the supports. — Let the 
beam AD be anchored down or hinged to the abutment A, and 
resting on the pier B. Let the beam be loaded with concentrated 
weights at and D. 

The reaction Rj is obtained by taking moments about the 
hinged end A, thus, — 

RjX BA= Wj X CA-H Wj X DA. 
W^xOA-^WaxDA 

•■• ^'~ BA 

Knowinfi! the reaction Rg, we can find the bending moment at 
any section (rf the length between A and B. 

The bending moment diagram a c^b^d is obtained by drawing 
ab.d, which is the diagram due to the load Wg at D alone ; also, 
afb which is due to the load Wj at C alone and superposing them. 
Or, more directly, we obtain aCj6j by setting up from the sloping 
base aby the ordinates of the diagram due to the load at C. 
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To draw the shearing force diagram, we find the reaction at B. 
which is the step by which the shearing force changes there, and' 
then draw the diagram from left to right. Or alternatively, 
sketch the diagram for the load at D alone, and the reaction at 

AD 

B due to that load being Wj ^- Then, superpose the diagram 

for the load W, applied at 0. 




SHEARING FQBCE. DRSRAM 



(12) Beam Hinged at one End and overhanging a Pibb with 
Loading at the free End and Between the Supports. 



If, as in the diagram, Cj is above the horizontal line ad, the 
beam is " sagging " from a to e, and " hogging " from e to d. 

The point e where the curve changes is called the point of 
conVrmry flexure. 

(13) Beam hinged at one end, and projecting as a cantilever 
beyond its other support, with a uniform load upon the 
beam, and a single concentrated load atthe projecting end. 
— ^The bending moment diagram dhfl for the single concentrated 
load W is first drawn, and then the B.M. diagram for the dis- 
tributed load is drawn on the sloping base h^a. Similarly draw 
the shearing force diagram for the single concentrated load W, 
and superpose on it the shearing force diagram for the distributed 
load, when we get the final diagram of shearing forces for the 
combined loads acting on the beam. 



BEAM SUPPORTED AT TWO INTERMEDIATE POINTS. 
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(14) Beam supported at two points intermediate between 
the ends. 

Let ED represent the beam supported at A and B, wheie 



EA = a!i, AB=a;j, BD=a;3, 



(a) First consider the case when such a beam is loaded at its 
extremities with two weights Wj and Wj. 




(13) Beam Hinged at one End and Projecting as a Cantilever 

BEYOND its OTHER SUPPORT, WITH A UNIFORM LOAD UPON 

THE Beam and a Single Concentrated Load at the 
Projecting End. 



The Reactions or values of the supporting forces at Aand B are, — 
j^^_Wi(xi+3)j-W>,^ t,y taking moments about the support B. 

^^^'W^x^ + x^)-WjX^^ by taking moments about the support A. 

The Bending moments at A and B are — 

- B.M.A = Wjajj or = Wjlx^ + x,) - B.^^. 

- B.M.B = "W3.T3 or = ■Wi(«;j + x,) - £,3. 
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The bending moment at any section of the beam situated at a 
distance from the support A = y^, is, — 

- B.M.^, = Wi(a;i + y,) - Rjy, = W^{x, + x,- y,) - R,(a;j - y^). 
(6) Consider the case of a beam similar to the above, but 




SHEARIMG FORCE DIAGRAM 

(14) Beam Supported at two Toints Intermediate between 
THE Ends. 

loaded with an additional concentrated weight W^ at the middle 
point between A and B, as shown by the accompanying diagram. 
Then, by taking moments about the support B. 



And by taking moments about the support A 
2 



K,= 



BEAM SUPPORTED AT TWO INTEBMEDTATE POINTS. 

The bending' moments at A, B, and C are, — 

- B.M. A = W,x„ or = W,{x, + a;,) + W, ^ - B,^,. 
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- B.M:.B = W3a;3, or = Wi{x^ + x^) + W,-^ - Rjaij. 
±B.M.c = Ri -'- Wj/a;! + SV or=R S - W3f5 + s 

2 \ 2/ -2 1^2 

The value of the bending moment at any section of the pro- 
jecting arms EA or DB is given by the equation, — 

B.M.j,j = Wj.Vj„ or- B.Mj;j=W3y2j where 3/3 = distance of the 
section from the end of the beam. 




SHEARING FORCE DIAGRAM 



(15) Beam Ovehhanoing Two Piers. Loaded with A Single Con- 

OENTEATED LOAD AT EACH END, AND A UNIFORM IjOAT) OP 

w Units pee Foot-kun between the Piers. 



Also, the general expression for the bending moment of any sec- 
tion of the beam between the supports A and B, at a distance y, 
from A, is, — 
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±B.M.„ = R,2/j-W.(a;j + y,), 

or ± B.M.^, = R,(a;, - y,) - wj^ " 2/i) - Vf^x, + x,- y,), 

when the section lies to the left of W^. And, — 

± B.M.,, = n,y, - W,(y, - ^J - W,{x, + y,), 

or ± B.M,^ = B.,{x, - y,) - W^x, + x,- y,), 
when the section lies to the right of W^.' 

It will be seen from the diagram of bending moments, that 
B.M.j,j may be either positive or negative according to the relative 
values of the different weights and linear dimensions. It will 
also be noticed from the diagram of bending moments, that the 




•^HEARING FORCJ DIAGRAM" 
{i6) Beam Overhanging Two Pibes and Loaded with a Unifoemlt 
Distributed Load op w Units pee Foot-eun ovee 
ITS Whole Length. 

values at the supports A and B are not affected by the addition 
of the central weight Wj. 

The diagram of shearing forces will present no difficulty when 
drawing it, if the student will consider for a moment, the three 
sections into which the beam may be sub-divided, and the respec- 
tive diagrams for each part as separately loaded. 

(15) Beam overhanging two Piers. Iioaded with a single 
concentrated load at each end, and a uniform load of w 
units per foot-run between the Piers. — It will be noticed on 
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oompariog this set of figures with the last set, that the only 
difference between the diagrams of bending moments and shearing 
forces lies in the part contained between the supports A and B. 
This difference is at once apparent as being due to the nature 
of the loading in each case. Consequently, we must superpose 
upon the diagram of bending moments between the points a^, \, 
a "paraboKo curve " for the uniformly loaded part AB of the 
beam MD. 

Also, in the shearing force diagram, we substitute the shearing 
force diagram for a uniformly loaded beam between the points 
of support A and B. 

(16) Beam overhanging two Piers, and loaded with a uni- 
formly distributed load of «) imits per foot-run over its whole 
length. — ^The following figures wiU enable the student to under- 
stand this variation of the previous case without further detailed 
explanation, and thus encourage him when mastered to correctly 
interpret such diagrams as well as plot them out for other similar 
cases. 

Fixed or Snoastri Beams. — An encastr^ or built-in beam is 
one whose ends are secured tangentially — i.e., horizontally at right 
angles to the supporting wall — in such a way, that the fixed ends 
remain horizontal when the beam bends under the load. Thus the 
two end portions are in " hogging " or being curved upwards, whilst 
the central portion is " sagging " or curved downwards. The 
points where the curvature alters from hogging to sagging are 
called the " points of contrary Jlexure" or " points of inflection," 
and with beams of uniform section there is theoretically no bending 
moment at the two points. The beam may therefore be considered 
as being made up of two cantilevers (one at each end), and a 
central beam supported on the ends of those cantilevers. 

(17) Beam of uniform section securely fixed at the ends 
and loaded at the centre. — It can be proved by mathematica 
investigation that with a beam AB fixed and loaded with a central 

weight W, the points of inflection are at a distance - from each 

4 
abutment, where L = the length of the beam. 

First. Consider the central portion DE, which may be taken 

as an independent beam of span — , resting on two supports at D 

2 

and E, and loaded with a central weight W. The vertical reaction 

W 
at each end is equal to 

2 

The bending moment at the centre is — 

WL 
The maximum B.M.c=-— s— • 
S 
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And the bending moment at a section distant x feet from the 
abutment is, — 

B.M jt=— ix- — ], when x >— . 
2 \ 4/ 4 

Second. Consider the end portions AD and BE. These are 
equivalent to cantilevers fixed at the ends A and £, and loaded at 

the free ends with weights — . 




'4. 









shearing force 
Diagram 



2 "l 



(17) BbAM op UNIFOEM aECTION SBCtTRBLT FIXED AT THE ENDS 

AND Loaded at the Cbntbe. 



The maximum bending moments of these cantilevers occur at 
the fixed ends, and the values are found as follows — 

The mamrmmi B.M.^ = B.M.b = - -=-. 

o 

The bending moments at the centre and at the two ends are 
equal to each other, but they are of opposite sign, the bending 
moment at the centre being positive, and the bending moments at 
the abutments negative. 

The diagrams of bending moment and shearing force have the 
forms outlined in the figures. Also, it will be observed, from a 
comparison of the diagrams of bending moments, that a beam of 
uniform section with its ends firmly fioned is tMice as strong in 



Beam J-ixed at endS and tNiFORMLY loaded. 



i5i 



resisting a transverse stress as a beam of the same length and sec- 
tion, whose ends are free, because, the maximum bending moment 
in the first case is only one-half that in the second case. 

(18) Beam of uniform section fixed horizontally at the 
ends and uniformly loaded. — AB represents the beam of 
length L with its ends firmly fixed at the abutments, and 
uniformly loaded with w units per foot-run of length. 

The reactions at the abutments are each equal to . 

2 

A uniformly loaded beam is bent in a similar manner to that in 




SHEARING FORCE DIAGRAM 



(i8) Beam of ITnipoem Section Fixed Horizontally at the 
Ends and Unipobmly Loaded, 



the previous case, but the points of cont/ra/ry flexwre d and e do not 
occur at the same positions. It can be proved by mathematical 
analysis, that in fixed beams which are uniformly loaded, the points 
of conln-ary flexure occupy the following positions along the beam : 
,ad = he = •211L, and de = -STSL. 

The beam in this case, may also be resolved into three indepen- 
dent ones, viz. — 

(i ) A central beam de of length = -SZSL, which rests on two 
supports at d, e, and loaded uniformly over its length with w 
units per foot-run ; as well as, — 
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(ii.) Two cantilevers ad, he of length = -21 IL, which are 
loaded with a uniform load of w units per foot-run, together with 
a concentrated load acting at their extremities .= •289wL units 




SHEARING FORCE DIAGRAM 



(19) Beam op Uniform Section and Fixed Horizontally at its 
Ends with a Uniform Load Over Part of its Length. 

The maximum bending moment at the centre C is, — 

mi • ■o-»,r «'(-S78L)2 ^L2 

The maxvtmjmh B.M.c = A — — = • 



8 



24 



The maximum B.M.^ = B.M.b 

The maximum B.M-a = ^^^^' ' + ■28qmL x 'aiiL 

2 

Tlie maximum B.M.^ = - *— 

12 

The bending moment at any section of the loaded beam distant 
X feet from the abutment is — 

B.M.^ = (L - x)- . — . 

2 ^ 12 

From the above maximum values of the bending moments, it will 
he seen, that the bending moment at the centre is one-third of the 
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value for the same beam, which is uniformly loaded and free at the 
ends. Also, that the bending moments at the abutments are 
double the value at the centre of the beam. Consequently from 
these observations it follows, that a bsam which is firmly fixed at 
the ends is one and a half times as strong as the same beam when 
used with its ends merely resting on the abutments. 

To draw the diagram of bending moments. — Let ab represent 
the beam, and make ad=be = '2iilj. Draw the vertical oo^, and 

make it equal to to scale. Then, draw the parabolic curve 

24 

ecjd. Now, draw the verticals aa^, 66, downwards, and equal by 
scale to — . Finally, construct the curves dui and e6,, 

12 

(19) Beam of uniform section, and fixed horizontally at 
its ends with a uniform load over part of its length. — The 
previous set of figures will enable the student to understand this 
variation of the previous case . 
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Moment of Besistance opposed to the Bending Moment 
— It can be proved by mathematics, that the resultcmt <rf all the 
teniional stresses (on one side of the neutral axis of any transverse 
or cross section of a beam) is equal to the resultant of all the com- 
pressive stresses (on the other side of the neutral axis at the 
particular cross section considered). These two equal and opposite 
forces constitute a couple, whose moment is opposite in direction 
and equal in magnitude to the bending moment at the cross sections. 
It therefore constitutes the irunnent of resistance of the beam, 
which is opposed to the bending moment. 

Strength of Bectangular Beams. — The resisting moment of 
a cantilever of rectangular cross section, loaded at the outer end, 
as illustrated by the first figure in this Lecture, is expressed by 
the formula — 

R.M. = ABD» 

Where EM = Resisting moment in inch lbs. 

„ k = Constant number found by trial depending on the 

nature of the material of which the beam is com- 
posed. 

„ B — Breadth of beam in inches. 

„ D = Depth of beam in inches. 

Then if W •■ Weight or load tending to bend or break beam in lbs 
And if L = Length of beam in inches. 

The Bending Moment = The Resisting Moment. 
Or, . . B.M. = R.M. 

i.e., . . WxL=AxBxD» 

BD' 

• • • • ■ W ^ fC r 

Hence the general rule, the strength of rectangular beams to resist 
bending is directiy proportional to the breadth, to the square of the 
depth, and inversely proportional to the length of the beam. 

Relative Strength of Rectangular Cantilevers and Beams 
supported and loaded in Different Ways.— We have already 
proved the relative values of the bending moments for rectangular 
beams supported and loaded in the following ways, and we have 
also proved that the relative bending moments are inversely as 
the relative strengths or loads which they can support. Hence 
for cantilevers and beams : 



POEMULiE FOR RECTANGULAR Bi:AMS. 
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Illdstkations, Explanations, and Formula for Rbctawgulae 
Beams supported in Different Ways. 




Case I. — Fixed at one end and loaded at the other. The bending moment 
has maximum advantage. Therefore — 

Xj 




Case II. — Fixed at one end and loaded uniformly. Here the bending 
moment has only J the advantage that it has in Case I. Therefore — 




Case III. — Supported at both ends and loaded at the centre. Hero the 
bending moment has only ^ the advantage that it has in Case I. 



Therefore- 



■W=4fc 



BD= 




Case IV. — Supported at both ends and loaded uniformly. Here the 
bending moment has only J the advantage that it has in Case I. 



Therefore — 



W=8fc 



BD2 
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Wats in which Beams akb 


Relative 


Relative 


Relative 


Relative 


SUPPOBTED AND LOADKD. 


B.Ms. 


R.Ms, or 
Strengths. 


Stiffness. 


Deflections- 


I. fixed at one end and 










loaded at the other . . 


I 


I 


I 


128 


II. Fixed at one end and 










loaded uniformly 


i 


2 


2§ 


48 


III. Supported at both ends 










and loaded at centre . 


i 


4 


i6 


8 


IV. Supported at both ends 










and loaded uniformly 


4 


8 


25-6 


5 


V, Fixed at both ends and 










loaded at centre 


i 


8 


64 


2 


VI. Fixed at both ends and 










loaded uniformly 


A 


12 


128 


I 



Comparison of the Loads and Sizes of Beams by IiTo- 
portion. — We have already stated that the constant numerical 
value represented by k (in the preceding formula for the 
strengths of beams having a rectangular cross section) has to be 
ascertained by trial. The usual way is to take a comparatively 
small beam of the same material, and to support as well as load it 
in the precise manner that the actual beam has to be supported 
and loaded. 

Then, by carefully ascertaining either the breaking load of this 
elementary beam (if it should be the uUvmate strength that if 
required), or the load which produces a certain safe ratio of the 
deflection from the horizontal to the distance of the load from its 
support (if it should be the safe load that is desired), you substi- 
tute the numerical values of these loads in the formula, and 
thereby ascertain the probable ultimate strength or safe load of 
the full-sized beam to be used in practice. 

Let w = Weight or load carried by the experimental beam. 

„ b = Breadth of the experimental beam in inches. 

„ d = Depth „ „ „ „ 

„ i = Length „ „ „ „ 

„ W = Weight or load to be carried by the full -sized beam. 

„ B = Breadth of full-sized beam in inches, 

„ D = Depth „ „ „ „ 

„ L = Length „ „ „ „ 

Then, if the two beams a/re supported and loaded in exactly the 
name ux^j, we have by proportion — 

( : B : : w : W, # : D" : : w : W 

L -.1 : :«) iW 
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By combining these proportions we got — 
Jd'L : BD'Z : : w : W 
Or, . . Wx6c?'L = MxBDV 

^ = "55^ 

Note — wllbcP therefore takes the place hereof the constant I in the 
previous formulae. 

Example I. — ^A bar of teak, i inch square and 12 inches 
between the supports, breaks with a load of 820 lbs. when hung 
at its centre. Find the breaking load at the centre of a bar of 
teak, 3 inches broad and 3 inches deep and 7 feet between the 
supports. If the bar be 2 inches broad instead of 3 inches, what 
should be its depth in order to support the same weight at the 
centre ? (S. and A. Exam. 1888.) 

Answer. — Here, m the first case, J = i"; d=\"\ i=i2"; 
10 = 820 lbs. ; B = 3"; D = 3"; L = 7' = 7 x i2" = 84". 

Consequently, by the previous formula just deduced — 

BD'i 



W = i 



^^L 



W = 82ox^ — ^ — ^ — ^ = ^—^ — ^ = 3162-8 lbs. 

ixixix^ji 7 

7 

In the second case we might quite easily substitute the 

numerical values as we did in the first case, and thereby arrive at 

the result ; but it will be seen at once by the student, that siiice 

the only variable introduced into the second part of the question 

is the breadth, we have only to equate the breadth and depth to 

the constant load W. Thus, by calling Bj = 3" ; B, = 2" ; D, = 3" ; 

and Dj the depth to be found, we have at once, from the above 

formula, since the load W and ever3rthing else are ccmstants, 

Bj X D, is proportional to W ; 
Bj X Dj is also proportional to W ; 
••• B,xDi = B,xD3 
Or, . 3"x9 = 2"xD; 

-•• D, = 7i3-5 =3-674 inches. 
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Different aections of Oast- Iron, Wrought-Iron, and Steel 
Beams. — Having shown how the strength of a rectangular beam 
varies directly as the breadth B, and as the square of the depth 
D, it is natural, in the case of materials such as cast iron, 
wrought-iron, and steel (which vary in regard to their resistance 
to extension and compression), that we should endeavour to show 
how these materials may be most economically disposed, so as to 
withstand the greatest load for a minimum of weight and cost 
In the case of wooden beams, where it is found unprofitable to 
make them into any other shape, than the plain rectangular form 
— unless it be for purely architectural or artistic purposes — we 
only considered their strength when of that particular section ; 
but it becomes quite another matter, when we have to consider 
the case of iron, for this material in its various modifications may 
be oast or rolled into any required shape, and therefore the 
weight and disposition of the material have a special bearing upon 
the cost and strength of iron beams. 

Cast-iron Beams or Girders. — The term girder is technically 
applied to beams of cast-iron, wrought-iron, or steel, which are 
used for spanning comparatively long distances, such as road 
or railway bridges, or large warehouses. As will have been 
observed from the table of ultimate strengths 
in Lect. I., Vol. II., the ratio of the ultimate J 

strengths of cast-iron to compression and 
tension is as 45 to 7-5 tons ; and further, 
since the stress on any material of which a 
beam may be composed is smaller and smaller 
the nearer the neutral surface, it is but 

natural that we should make the upper ' -. . 

flange of a cast-iron beam which is supported \ - 1 

at both ends smaller than the lower one, since Section op a 
the upper flange, being in compression, will Cast-Iron Beam. 
obviously maintain a stress six times as great 
as an equal section in the lower side. On the other hand, if the 
cast-iron beam is of the camtilever type, where the upper side is 
subjected to tension and the lower side to compression, we should 
make the upper flange about six times as strong as the lower one. 
In practice, however, for the sake of obtaining a sound casting, 
(i.e., having regard to the way in which the crystals of the metal 
naturally arrange themselves), the flange in tension is only made 
about four times the cross sectional area of the flange in com- 
pression as will be seen from the accompanying figure. 

For vertical columns of cast iron, where the stress is purely one 
of compression, the H form is provided with flanges -of the same 
dimensions at each end of the web, or, to come to the most 
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common form of strut— viz., that of the vertical cylindrical 
column — -the section is that of a circle, or an O, since the stress is 
equally disposed throughout the cross section of the material. 

Wrought-Iron Beams and Girders. — Eeferring to the 
same Table of Ultimate Strengths and Working Loads in Lecture 
XXII., we see that the resistance to tension is 25 tons per square 
inch and to compression 20 tonS, but from an average of a large 





Cross Section of 
A Wrouqht-Ieon 
Beam. 



Cross Section op 
A Wrought-Ibon 
Box Girder. 



1 Section op Chan- 
nel Iron. — Strength 
is largely due to the 
Depth op the Sides. 



«: r 



c 



'- w "t — r— ^ 




Ordinary L Ikon. Special L Iron Ordinary T Iron. Steel 
FOR Heavy Beam. 

Loads. 

Cross Sections of Wrought-ieon and Steel Beams. 

number of specimens it is found that the resistances to those two 
kinds of stresses is about the same. Consequently, the material 
may be disposed of equally between the top and bottom flanges, 
and remembering that the stress at the neutral surface is zero, 
we have only to connect the flanges with a sufficient thickness 
of metal to keep them together and to transmit the vertical 
shearing stresses. Wrought-iron beams and girders are therefore 
constructed of the forms shown by tiie first two figures above. 
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In special oases, such as ship-building and bridge-building, 
dilierent forms of angle iron, T iron, and channel iron are used, 
as shown by the next four figures. 

Steel Beams.* — Referring once more to the Table of Ultimate 
Strengths and Working Loads in Lect. I., Vol. II., we see that the 
resistance of steel to tension is only 45 tons per square inch of 
cross section, whereas it withstands 70 tons per square inch 
against compression. Consequently, in forming beams of this 
material, where the beam is supported at both ends, and the load 
is either placed in the middle or distributed, the bottom flange 
which is in tension must be made about double the cross area or 
weight of the top one, as shown by the last figure. 

We have merely touched the fringe of this important subject 
on metal beams. We shall therefore have to return to it again 
in the Advanced Course. 

* The Author is Indebted to Messrs. P. and W. MacLellan, the well- 
known manufacturers of cast-iron, wrought-iron, and steel beams, for the 
full-size drawings of the various sections from which these reduced figure 
have been made by the Publishers, with the aid of photographj. 
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Lecture VII. — Questions, 

1. A beam AD, 20 feet long, is supported at one end A, and at an inter- 
mediate point B, between its' two ends, so that AB = I2 feet and BD = 8 
feet. A weight of 5 tons rests at the end D, and a weight of 12 tons at a 
point C which is 8 feet from the hinged end A, determine the bending 
moments at C and B, and at a. point midway between A and B. Draw the 
diagrams of bending moments and shearing force, and find the value of 
the shearing force at sections taken 2 feet from the free and hinged ends 
of the beam. Ans. 

2. A beam of the same dimensions as in the previous question, is loaded 
over AB with a distributed load of 2 tons per foot-run. A weight of 10 
tons rests on the free end D. Determine the bending moments at B, at 
centre of AB, and at a section 5 feet from the hinged end A. Draw the 
diagrams of bending moments and shearing force. 

Am. 

3. A beam 10 ft. long is supported on two supports which are respec- 
tively I ft. and 7 ft. from the left-hand end of the beam. A weight of 
10 lbs. hangs from the left-hand end of the beam, and a weight of 5 lbs. 
from the right-hand end. Find the two reactions and the bending moment 
and shearing force at the centre of the beam. 

Ans. Bi=9i lbs. ; B.2=5i lbs. ; B.M.-13J Ibs.-ft; S.F.=f lb. 

(0. & G., 1905, 0., Sec. B.) 

4. Determine the bending moments and shearing force at the centre of 
the beam, if the central portion is uniformly loaded in addition with 2 lbs. 
per foot-run. Draw the diagrams of bending moment and shearing 
force. Ans. 

5. A beam ED, 40 feet long, is supported at two points A and B, so that 
EA=;8 feet, AB = 20 feet, BD = i2 feet. Weights of 5 tons and 6 tons rest 
on the extremities E and D, and a weight of 10 tons at the centre of AB. 
Find the bending moments at A and B, and at the centre of AB. 

Ans. 

6. If in the previous example the central portion AB be loaded with a 
uniform load of i ton per foot-run, find the bending moments at the same 
places. Am. 

7. A beam 20 feet long, is arranged with symmetrical overhanging ends 
which are 4 feet from the supports, and loaded with a uniform load of 2 
tons per foot-run over its whole l^igth. Draw the diagrams of bending 
moments and shearing force. Ans. 

8. Explain, by aid of a sketch, what are termed fixed or encastre beams } 
Also, state what necessary precautions have to be observed when using 
these beams. 

9. A beaiii, of uniform section, has its ends firmly fixed by being em- 
bedded in the abutments, and has a span of 20 feet. A load of 10 tons is 
resting at the centre. Find the bending moments at the ends and centre 
of the beam ; as well as at points distant 2 and 6 feet from one of the 
abutments. Am. 

10. A beam 30 feet long, of uniform section, is nniformly loaded with a 
weight of 4 owts. per foot-run. If the beam be firmly fixed at the ends, 
determine the points of contrary flexure ; also, the bending moments at 
the ends, centre, and at a section taken 5 feet from the centre. 

3 ^i 
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II. A wooden beam, supported at both ends and loaded in the middle, 
may have a saw-out made upon the upper side without affecting the 
strength to an appreciable extent (if a wedge is inserted). How do you 
account for this result 1 

12.' It will be observed that wooden beams are usually made rectangular 
in form, the depth being greater than the width. State the advantage that 
is derived from this form of arrangement, and the relation of strength in 
proportion to depth, width, and distance between the supports. 

13. Uniform beams of timber of the same sizes are loaded and supported 
as follows : i. Loaded at one end, and fixed at the other. 2. Fixed at 
one end, and uniformly loaded all over. 3. Supported at the ends, and 
loaded in the middle. 4. Supported at the ends, and loaded nnif ormly all 
over. 5. Fixed at the ends, and loaded in the middle. 6. Fixed at the 
ends, and loaded uniformly all over. What are their relative strengths ? 
What are their relative stiffnesses ? Where is each most likely to break ? 

14. Given that a rectangular rod of fir, 10 inches long, i inoh broad, and 
I inch deep, and supported at both ends, will just sustain 540 lbs., when 
hung at its centre ; what should be the depth of a bar of like wood 5 feet 
long and 2 inches broad, and supported at both ends, in order to support a 
load of I of a ton when hung at its centre ? Am. 3-0$ inches. 

15. Two beams are of breadth 5 and 6 inches, and of depths 8 and 
9 inches respectively ; write down the numbers which represent their 
respective strengths in resisting transverse stresses. 

Ana. 160:243. 

16. Two wooden beams are each loaded in the centre and supported at 
the ends ; one is solid and measures 8 inches x 8 inches in cross section ; 
the other is made up of two beams each 8 inches broad and 4 inches deep, 
and placed one over the other so as to have the same sectional area as 
before. Will there be any difference in the breaking load of the beams, 
and if so, how much will it be ? State the reasoning on which you rely. 

17. A balk of timber, 11 ins. deep, is divided into three cuts of 2 ins., 
and 5 ins. thick. Compare the resistance to bending before and after 
cutting. Ans. 3-2 : i. (C. & G-., 1904, O., Sec. B.) 

18. Abeamof timber, rectangular in transverse section, is 2 inches broad, 

3 inches deep, and 4 feet in length, and rests upon supports at its ends. 
The breaking load on the centre is 2000 lbs. What would have been the 
breaking weight if the beam had been 4 inches deep, 2 inches broad, and 

4 feet between the supports, but loaded at a distance of I foot from the 
end? Ane. 4741 lbs. 

19. Find the breaking weight at the centre of a beam of Memel fir, 
12 inches deep, 10 inches wide, and 20 feet between the points of support. 
The breaking weight at the centre of a beam i foot long and i inch square 
is 545 lbs. Ans. 39,240 lbs. 

20. A rectangular batten of fir, 6 feet in length, 2 inches broad, and 
3 inches deep, is supported at its ends and can sustain a weight of iioo lbs. 
when hung at the centre. If the load were distributed instead of hung 
at the centre, how much would the batten support 1 Am. 2200 lbs. 

21. A rectangular beam of timber supported at both ends, and of a given 
breadth and depth, just supports a load, W, at its centre. If the load be 
shifted to a pciint halfway between the centre and one end, by how much 
may the depth be reduced ? Ans. 13*4 per cent. 

22. Show, with sketches, the best forms and sections of flanged beams, 
(l) of cast iron, (2) of wrought iron, when supporting a load at the centre, 
and state the reasons which determine the particular forms. 



QUESTIONS. 163 

23- E3i;plain why iron girders are made with flanges at the top and 
bottom united by a web of metal, instead of being rectangnlar in section. 
What condition decides which of the two flanges shall contain the most 
metal 7 

24. Girders for carrying a load on their top flange, if of cast iron, have 
the section of metal on the bottom flange greater than on the top flange, 
but when made of wrought iron this rule does not hold. Why is this ? 
Sketch a section of an ordinary cast-iron girder to carry a wall over a 
gateway, and of a wrought-iron plate girder for the same purpose. 

25. What are the functions of the top and bottom booms and of the 
diagonal pieces of a railway girder ? Why are the booms usually larger in 
section towards the middle of the girder, and the diagonal pieces usually 
larger towards the end of the girder? (S. E. B. 1901, 1902, and 1903.) 

26. A beam of timber 2 feet long, 3 inches square, supported at the ends 
and loaded at the middle, breaks with a load of 7500 lbs. What load may 
be expected to break a beam of the same material, fixed at one end and 
loaded at the other, length 10', breadth 5", depth 9" ? Ans. 5625 lbs. 

27. In a timber beam of rectangular cross section, supported at the ends 
and loaded at the centre, how would the magnitude of the breaking load 
be affected in each of the following cases ? (o) If the length were 
doubled ; (5) If the breadth were doubled ; (c) If the depth were doubled ; 
{d) If the length, breadth, and depth were all doubled . 

A beam 5 feet long, 24 inches broad, and 4 inches deep, supported at the 
ends, breaks with a load of 3500 lbs. at the centre. What uniformly 
distributed load would probably just break it if its length were 6 feet, 
breadth 3 inches, and depth 5 inches ? Ans. 10,937 It's. (B. of B. 1902.) 

28. A beam, of rectangular section, is 9 inches deep, 3 inches broad, and 
10 feet long. Find how much it will carry when loaded at the centre and 
supported at each end, the greatest intensity of stress allowed being 3 tons. 
What stress would be induced if the beam were laid flatwise and carried 
the same load ? Ans. W = 4'OS tons ; and/= 9 tons per square inch. 

(C. &G. 1903, 0., Sec. B.) 

29. A beam of circular cross-section, 2 inches in diameter and 4 feet long 
between the supports, will stand without danger a load of 500 lbs. applied 
at the middle. How much would a beam 3 inches diameter of the same 
material and 6 feet long between supports take if also loaded at the centre 1 
How much if uniformly loaded ? Ans. W = 1 1 25 lbs. , and wL = 2250 lbs. 

(B. of E., 1903.) 

30. Wishing to know the proper breadth and depth of a beam of some 
new kind of timber to carry a certain load, yon experiment with a small 
beam ; describe how you would proceed and what use you would make of 
your results. (B. of E., 1904.) 

3:. A timber beam, 6 inches wide, 10 inches deep, rests freely on two 
supports on the same horizontal level, which are 20 feet apart. Neglecting 
the weight of the beam itself, find what load placed in the centre would be 
required to break it. A test bar i" by i" in section on a span of 20" is 
broken by a load in the centre of 350 lbs. Ans. W = 7"9 tons. 

(B. of E., 1905.) 

32. Compare the strengths of two beams, each loaded at the centre, and 
each of rectangular section, 6" by 3" ; the first one having the larger side 
vertical and of 20' spa^, the second having the shorter side vertical and of 
jo' span. Ant. Equal. (C. & G., 1905, 0., Sec. B.) 

JT.B. — See Appendices ff and Gfor other questions and answers. 
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LECTURE VIII. 

Contents. — Stresses in Structures — Culman's Method of Sections — Appli- 
cation to a Loaded Beam — Example of tiie Application of Ritter's 
" Method of Sections" to a Roof Truss - Graphical Determination of 
the Maxima and Minima Stresses in Curved Trussed Girders due to 
Live Loads — Loading for Railway Bridges — Relation of Curvature, 
Slope, and Defieotion of Beams — Example I. — Stiffness of a Beam or 
Girder — Steel Girders — Plato Girders — Flanges — Parabolic Girders — 
The Web of Girders — Function of the Web in Resisting the Shearing 
Force with Parallel Girders — Function of the Web in Resisting the 
Shearing Force with Parabolic Girders— Suspension Bridges — Defini- 
tion of a Suspension Bridge -Method of Attaching the Main Chains 
to the Piers, and Finding the Pressure on, the Piers in Suspension 
Bridges — Example II. — Stiffening Suspension Bridges by means of 
Girders — Single Girder Continuous from Pier to Pier under a Uniform 
Live Load — Suspension Bridges with the Stiffening Girder Hinged at 
the Centre —Questions. 

Stresses in Structures. — The determination of the stresses in 
structures such as trusses or girders is based upon the following 
principles : — 

1st. The principle of the resolution of forces. 
2nd. The principle of moments. 

The former may be stated thus : — If any number of forces in 
the same plane act at a point, or at different points, of a rigid 
body and are in equilibrium, the algebraic sum of all their 
components in any direction is zero — i.e., the tendency to move 
the body in one direction is exactly balanced by an equal 
tendency in the opposite direction. 

The second principle may be stated as follows : — If any 
number of forces in the same plane act at a point, or at different 
points, of a rigid body and are in equilibrium, the algebraic 
sum of the m.oments of these forces, taken with reference to any 
point in their plane, is zero. 

Hence, the tendency to produce rotation of the body in one 
direction is exactly balanced by an equal tendency to produce 
rotation in the opposite direction. 
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These two fundamental principles give rise to two methods 
of calculation, and each may be applied analytically or 
graphically, but it will generally happen in any particular 
problem, that one method offers advantages in simplicity over 
the other. 

Culman's Method of Sections. — Suppose we have a single 
force P acting at a point A. The force polygon for this 
. particular case is represented in magnitude and direction by 
the straight line m n. Select any point O as a pole, and join it 
with the points n and m. This is equivalent to resolving the 
force F in two directions. Through the point A, draw two 
lines a b and c d, parallel to the lines n O and m respectively. 
Draw a line O H perpendicular to the line m n. Then the 
distance H is called the polar distance. Also draw through A 
a line e/ parallel to OH, and the dotted lines ac, hk, db 
parallel to the direction of the force F. 

Then the moment of the force F, with reference to any 





Ekplanatoey Diagram of Culman's Method of Sections. 



point g, is AF X Ag. But in these figures we have, by similar 
triangles — 

AF: OR: -.ac: Ag. 

A¥ X Ag = OH. X ae. 

That is, the moment of the force A P, with reference to any 
•point, is equal to the ordinate drawn through this point parallel 
to A F, included by the two components into which the force 
A F is resolved, multiplied by the polar distance O H m the force 
polygon. 

The same principle may be applied to represent the moments 
of any number of forces. 
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Application to a Loaded Beam. — Let us take the case of a beam 
resting at both ends and supporting the vertical loads AB, BC, CD, 
and DE. 

First, letter the frame diagram according to Bow's system (as used in 
this book). 

Second, draw the polygon of forces or the line of loads a e, and take any 
pole O at a convenient distance from the line a e. Join the pole O with 
the points a, b, c, d, and e on the line of loads. 

Third, then draw the funicular polygon K L M N P S. The line K S is 
the closing line of the funicular polygon. The reactions Ri, Bj — i.e., AF 
and F E at the supports — can be determined by drawing the line 0/ in the 
polar diagram parallel to the closing line KS of the funicular polygon. 
The lengths of a/ and fe, measured to the scale of loads, give the magni- 
tudes of Ri and B^ respectively. 




Application or Culman's Method to a Loaded Beam. 

To determine the Bending Moment at any Section, say at the line XY of 
the beam. — As stated in Lecture XXVIII. , the bending moment at any 
section is the moment of the resultant of all the forces which act on one 
side or other of the section ; then, take the forces acting on the left-hand 
side of the section line X Y. These are F A, AB, B C, and C D, and their 
resultant is FA- AB-BC- CD -fa-ab-bc-cd = -fd. Consequently, 
a point in the line of action of this resultant is given by the intersection of 
those sides of the funicular polygon which occupy the spaces F and D ; that 
is, of the sides out by the vertical line XYxy, drawn through the section 
at XY. Let these sides KS and NP when produced, intersect in 
the point Q. Draw through the point Q a, line Q R, perpendicular to 
XYxy. Tien, the magnitude of the bending moment at the section X Y 
is /"d X QR. But in the triangles Qxy, Ofd, the sides Qy,Qx,a:y are 
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respectively parallel to the sides d, Of, and fd. Hence, the triangles 
Qxy and Ofd are similar. But Q R and h are the perpendiculars on 
corresponding sides from the opposite angles of the triangles ; 

xy : QR: : fd: Oh; 
QRx/c? = XYx OA. 

Thus, we see, that the bending moment at any section of the beam is got by 
■mtdtiplying the ordinate of the funicular polygon at that point by the polar 
distance. 

In oonsequenoe of this important point, the funicular polygon for a 
loaded beam is often called the Bending Moment Diagram. 

Professor Ritter'S IHethod of Moments.— The principle of Professor 
Ritter's "method of moments" or "method of sections," as it is some- 
times called, may, with advantage, be applied to determine the stresses 
in structures, such as roof trusses and girders. The principle of the 
equality of moments may be extended to any number of forces, but the 
sum of the moments of the forces tending to cause motion in one direction, 
must always be equal to the sum of the moments of the forces tending 
to cause motion in the opposite direction. By an amplification of this 
ordinary method of moments we can determine not only the stresses in 
the flanges of a bowstring girder, but also the stresses in the lattice bars. 
This method is equally applicable for obtaining the several stresses in the 
members of roof trusses. 




Showino the Amplication of Pbop. Ritter's Method of 
Moments or Sections. 



The process of working this method is as follows : — 

(1) Draw the frame diagram, and indicate the direction of all external 
forces by arrow-heads, deducting the downward loads at end joints from 
the upward reactions and substituting the nett upward forces. 

(2) Draw "lines of section," each to cut the truss in not more than 
three of its members. These lines of section divide the truss into two 
parts, one of which is supposed to be removed, and the external forces 
acting upon the remaining portion of the truss are only to be considered. 
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A sufficient number of sections must be taken to include all the members 
ol the truss. 

(3) The stress upon any one of the three members, out by the line of 
any section, may be calculated by taking moments round the point of 
intersection of the other two. It will be seen, that by adopting this 
method, the moments of the stresses in the members which meet at the 
point above indicated, become zero. Consequently, it only becomes 
necessary to equate the moment of the stress in the first member to the 
algebraical sum of the moments of the external forces acting on the 
portion of the truss considered. The sign (+) may be used for the 
moments of forces tending to cause rotation from left to right — i.e., in 
the direction of the hands of a watch, and (— ) for those moments turning 
in the opposite direction. 

Let it be required to find by the " method of sections," the magnitude 
of the force acting along the bar B S in the roof truss shown. 

Draw a line of section % »: through the truss to cut three members. 
Then, in order to keep the structure in equilibrium three forces A B, R S, 
and S Gr, must be applied at the ends of the members cut by the line of 
section. Let the weights Wj, Wj, and Wj at the joints on the right-hand 
side of the truss, and at distances x^, x^, and x^ from the vertical passing 
through K, the heel of principal. Then, taking moments about the 
point K, it will be seen, that the forces acting along the bars AB and 
S G pass through the point K ; and, therefore, have no moment about it, 
but that the force B S has a moment about the point K equal to B 8 x y. 

Hence, R S x y = Wj x^ + Wj x^ + W3 a;j. 

Or, The stress in B S = "^i^h + ^^^^ + ^^^K 

y 

Example of the Application of Ritter's " Method of Sections " 
to a Roof TniSS. — Boof 30 feet span carried on king trusses 10 feet apart, 
the rafters and struts of which are inclined at 30° with the horizontal. 
Taking the vertical load on the roof at 60 lbs. per square foot of horizontal 
surface covered, determine the stresses in each bar of the truss. 

The total vertical load = span x distance between trusses x wt. per sq. ft. 
,, „ = 30 X 10 X 60 = 18,000 lbs., or 8 tons. 

The joints A and F each carry 1 ton. Each of the joints B, C, and D 
of the truss carry 2 tons. Omitting the loads carried by the supports, 
the effective reactions Bi and Rj are each equal to 3 tons. 

Let the stresses in the bars B H, H G, C I, I H, and I K of the frame, 
be denoted by the letter S with the respective letters of the bar as a suffix 
— i.e., Sbh) Sho, &c. 

1. To find the. Magnitude of the Stresses Sbb <m"^ Shg- — By resolving the 
effective reaction horizontally and vertically at a vertical section cutting 
the bars B H and H G, we have— 

Ri = Sbh sin 30°, and Sho = Sbh oos 30°. 

Therefore — 

R S 

Sbh = -: — h^ = -F = 6 tons, compression, 
sin oO '6 

Shs = Sbh COS 30° = 6 X '866 = 5*196 tons, tension- 
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2. To Jind the Maynitude of the Stresses Soi and Sia. — Draw a section 
line cutting the bars C I, I H, H G ; then the stresses Sci, S.h, and Shs in 
the members must balance the external forces of 3 tons and 2 tons in order 
that equilibrium may be preserved. Taking moments about the point G 
where the bars I H and H G meet — i.e., at the foot of the king post, we 
find- 
So, X BGcos30° = Ri X HG - EC X JHG. 

„ „ = 3 X 15 - 2 X 7-5 = 30 ton-feet. 

But, B G = 15 tan 30° = 1 5 X -5774 = 8 '661 feet. 

30 



Soi =r 



"8-661 X -866 
Resolving horizontally, we get — 

Soi cos 30° + Shi cos 30' 



= 4 tons, compression. 



Sh 



Sm = 



Shg-So.co?30° 5-196-4X-866 



cos 30° 



•866 



0. 

= 2 tons, compression. 



2Tons 



2 Torts 



2Tcm 




Rittbb's Method of Sbotions Applied to a Kino Truss. 



3. To find the Magnitude of the Stress Sik. — Take an approximately 
vertical section % a,^ passing to the right of C D and to the left of G. 

From the symmetry of the truss and the loading of same, the stress in 
bar D K is equal to the stress in the bar I. 

Resolving vertically — 

Soi sin 30° + Shi &in 30° - S,k + 3 - 2 - 2 = 0. 
SiK= (Sci + Shi) sin 30° - 1. 
SiK = (4 + 2) X -5-1 = 2 tons, tension. 

The truss being loaded symmetrically, the stress in the corresponding 
bars of each half of the truss will be exactly the same. 
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Graphical Determination of the Maxima and Minima Stresses 
In Curved Trussed Girders due to Live Loads.*— Trussed girders 

with curved booms, especially those which have one curved and one 
straight boom, are frequently used in bridge building for both large and 
small spans. 

The following graphic method of finding the magnitude of the stresses 
may prove of interest, owing to its simplicity, accuracy, and general 
application, since the stresses can, by means of a few lines, be found in 
any member for any position of the live or rolling load. 




Trussed Girder with Curved Top and Straight Bottom Booms. 

lat. To Mnd the Stresses in Diagonals. — Let iv represent the uniform live 
or rolling load per unit length of span ; then, to find the stress in the 
diagonal MN, Fig. 1, first find the central load point Jj at the intersection 
of A M and B produced, and from this point draw the load partition J^ Jj 
perpendicular to the bottom boom. The load partition is that position in 
which the rolling load must be placed to produce no transverse stress on 
that bay where we intend to find the stresses in the diagonals or verticals. 

* I am indebted to Mr. J. M. Ringquist, of Stockton-on-Tees, for kindly 
supplying drawings and manuscript for this new article on " Curved Bridge 
Trusses " for this book. — A. J. 
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The load partition J^ Jj divides the diagonal M N into two parts, M «' 
and N i, so that they represent the maximum and minimum stress 
respectively in this diagonal due to the rolling load, when the length J, Jj 
is made to represent half the total load — i. e.,JiJ2 = iwx or i^wCL - x). 

In order to be able to scale off these maximum and minimum stresses, 
we need only construct similar triangles n J3 J4 and q J3 Jj to the triangles 
N Ji J2 and Q Jj Jj in the frame diagram. Li these triangles, the verticals 
represent the unit lines of loads on B Jj or A Jj respectively — i.e., equal to 
4«)(L-a:) OT iwx, when the line J^n is drawn parallel to JjN and J^q 
parallel to JjQ. Hence, we are now able to scale off from the lines 
n i, and q i^ the maximum tension and compression stresses in the 
diagonal M N, if these are drawn parallel to the diagonal M N. 

There are different ways of proving the foregoing, but the following 
method will, perhaps, be most suitable : — 

Supposing that the boom AB was only loaded from the end B to the 
point N by the load to x B N, for which we can introduce two loads each 
equal to J w x B N acting at the points N and B of the beam. 

If we now draw a line through the panel M N Q which will intersect 
the top flange or boom between M and O, the diagonal MN or D, and 
the bottom boom between Q and N, and imagine that the girder is cut 
into two parts (as in Bitter's "Method of Sections," previously described) ; 
then, the forces acting on the right- and left-hand sides of this intersection 
line must be in equilibrium. Consequently, the resultant A M Jj of the 
horizontal stress in A B, and the reaction on the left abutment at A, must 
go through the point of intersection of the lines NM and OM at the 
point M. Also, the resultant BO J2, due to the stress in BA and the 
horizontal component of the stress in the diagonal M N or D, and reaction 
at the right-hand abutment B = J u> x B N, must, likewise, pass through 
the point O or intersection of the top boom, and the vertical forces 
J M) X B N acting at the point N, as well as the vertical component D cos /3 
of the stress in the diagonal M N or D. In consequence of these facts, we 
have one resultant acting in the direction A M, and the other resultant 
acting in the direction B O. These two resultants can now be united into one 
force which vrill act in the direction Jj N. This latter force J^ N is again 
the resultant force from i to x B N and the horizontal component of the 
force acting along the diagonal D. Therefore, if we make the length 
of the line Ji J^ to scale, equal to J w x B N, then the length of the 
line N t to same scale, would represent the magnitude of the stress in the 
diagonal D. 

However, to find the maximum stress in the diagonal D, the part of 
the truss, or girder, or span N Jj must still be considered loaded. If we 
resolve this force to x N Ji into two forces, each equal to lo x N J; -^ 2 
acting at the apices Q and N, we again find, that the line AM 
represents the direction of the resultant from the forces 0, D, and 
w X N Ji -^ 2. Likewise, the line B represents the direction of the 
resultant from the forces O, D cos /3, and «; x N Ji-j- 2. The resultant 
of these last two resultant forces is again co-equal to the resultant from 
the forces D sin p and t« x N Jj. And, as the direction of this force is given 
by the two points — viz., by the point Jj, and by the point at which the 
force w X N Ji acts, it is determined by the length (N Ji-i- 2) from the joint N. 

Hence, if we make the length of the line Jj J^ to represent «> x N Jj, 
then N twill represent double the stress produced in the diagonal D by 
the load on the length N Jj. Therefore, we find the stress in the diagonal 
for a, load extending from B to Jj = t« (B N + N Jj) is represented to 
scale by the length of the line N», if JiJa = iu;BN-t-it«xNJi = ito xBJj. 
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When the length A Jj of the beam is loaded, then a similar proof to that 
just shown for the maximum stress can be given for the minimum 
stress produced. 

2nd. To Find the Stress in the Vertical Bar Q M, Fig. 2. — Having first 
determined the central load point Jj, now draw through it a line parallel 
to the diagonal N M — i.e., at an angle /3 with the vertical. 




Ficf. 2a 



Trussed Girder with Curved Top and Straight Bottom Booms. 

The vertical bar Q M is divided into two parts Q i and M i, the first 
gives the minimum and the latter the maximum stress produced in that 
bar if the length of the line Jj J3 is made by scale to represent half the 
load multiplied by sec /3— ». e. , equal to J «» x A Jj x sec /3, or J «> x B Jj x sec ^ 
respectively. To be able to scale off these stresses from a diagram, we 
must draw J471 parallel to JjN and Jj g parallel to Jj Q, at the same time 
making the length of line J3 J4 = Jm; x B Jj, and J3 Jj = Jto x A J^. 
Further, through the points J4 and Jj, draw the lines J4J1 and J^tj 
parallel to the diagonal M N in the frame diagram ; then, the vertical 
mil ■'"11 represent the maximum stress, and the vertical qi^ will represent 
the minimum stress in the vertical bar. 

The correctness of this diagram can be proved in a similar way to that 
given under the first part. We imagine the boom to be loaded up to the 
point N only, and resolve this load into two forces J lo x B N acting at the 
points N and B. We then intersect the panel by passing an intersection 
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line through the vertical bar V, the top boom 0, and the bottom boom U. 
The forces acting on each side of the intersection line can be either resolved 
horizontally into the bottom boom, or in the direction of the diagonal N M. 

Then, the resultant of the force in and V sec jS must act in the direc- 
tion AR; also, the resultant from 0, V, and JwBNxseo/S will act in 
the direction B M. Whilst the resultant from both these two forces again 
must go through the points J^ and N. 

This resultant is equal to the resultant from the component of V, acting 
in the direction of the, bottom boom, and the force JwBNxsec^, acting 
in the direction M N. Consequently, if the length of the line Jj Jj be made 
to represent J to x B N sec /3, then Jj N will represent the value of V tan /3, 
and M i = V, the stress in the vertical bar. 

Now, we have to add the load on the part N Ji of the truss or girder, 
and again resolve the load lo x N Jj into two loads J «> x N Jj, each acting at 
the points Q and N. We shall find, reasoning as above, that the length of 
the line M i denotes the magnitude of the stress in the vertical bar if we 
make J^ Jj = JisxN Jixsec/S. For the whole load on BJi = u;(L-x), 
and we must introduce the length of line Jj Jj = J w (L - x) sec p to find in 
M i the maximum stress in the vertical bar. The minimum stress Q i is 
found in a similar way. 




3rd. 
Mg. 3. 
bar of 



Fi^ 3 a 



Trusskd Girder with CnRVED Top and Bottom Booms, 

Oeneralisation of this Method to other Forma of Trusses, for exwmplt, 
— The above method of determining the maximum stresses on the 
braced girders is also applicable to trussed beams in general. We 
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find the maximum stress in an analogous way to the preceding ease, by 
drawing a line through the central load point of the loaded boom Jx, 
parallel to that bar M Q, which connects the bar M N with the following 
apex of the loaded boom. The bar MN is divided into two parts Ni and 
M t, which represent the maximum and minimum stresses on that bar, if 
the length Ji Jj corresponds to the value of the components Jio(L-x) or 
^wx respectively. The minimum stress can be found by resolving the load 
into the direction of the bottom boom and into that of the bar Q M. 
Consequently, we have the diagram, as shown in Fig. 3a, in which 
Jj J4 = iw(L-a!) and JjJ^^ ^wx. Draw through Jj a line parallel to 
the Dottora boom bar QN, also J. re parallel to JaN, and Jj g parallel to 
Jj Q. Then, draw J4 i^ and Jj ij as parallels through J4 and J5 
to the bar MQ. Likewise, draw nij and qi^ through the points n and q 
parallel to the bar M N, to ultimately find the lengths n i^ and q i^, which 
represent to scale the desired maximum and minimum stresses. 

4th. The rolling or live load w has to be chosen in accordance with the 
loaded length of the girder. There is no difficulty in always introducing 
into the above construction that rolling or live load which is the substitute 
in a single load diagram for a fixed loaded length (L-x). 

Loading for Railway Bridges. — It is difficult to obtain any 

summarised information on the subject of the loading of bridges, as the 
various railway companies, both in Grreat Britain and on the Continent, 
have different loadings, and their locomotives seem to be in a state of 
transition, for they 'are now made much heavier than they were only a 
short time ago. 

In order to give the student a little knowledge of what is required, the 
following table is appended, giving the equivalent uniform live load for an 
American engine with tender, weighing 136 tons at 2,000 lbs. per ton, 
covering a length of 104 feet, followed by a train weighing 4,000 lbs. per 
foot, taken from a diagram in Waddel's " De Pontibus ": — 



Span In Feet, 


100 


120 


140 


160 


180 


200 


220 


240 


280 


300 


400 


Eauivalent "> 

onifoim }■ 

XoadinLbs., j 


S,300 


6,220 


6,1S0 


6,030 


6,010 


4,940 


4,880 


4,830 


4,776 


4,600 


4,660 



The loads given in the table are plotted as ordinates to the corresponding 
abscisses, and the curve CiCj,, shown in the stress diagram of Fig, 1, is 
obtained. This curve is substituted for the straight line d b. 
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Relation of Curvature,* Slope, and Deflection of Beams.t— 

If i denote the circular measure of the inclination or slope of the beam at 
a distance x from the origin of co-ordinates. 



Then, 



tan I = -j-^ . 
dx 




V-'-ac if^ -doc 



Sketch Illustrating the Relation op Cubvaturb, 
Slope, and Dbelbotion op Beams. 

Because the deflection is very small, d x may be taken as sensibly equal 
to da. 

J. _d^ _ M 
o~ dx''"^X 



But, the curvature 
Therefore, the slope 
And, 



._dy_ ru 

'~d5;- j EI-"'"' 



* Curvature.— The curvature of a circle is the reciprocal of its radius, 
or it is the angular change of the direction of the curve per unit of length ; 
and of any curve it is the curvature of the circle which most nearly agrees 
with the curve. 

tSee Proc. Inat. G.E., vol. cxlix., 1902, for paper on "The Theory of 
Cast-iron Beams," by Edward V. Clark, B.Sc, Stud.Inst.C.E. 
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E is a constant for the same material, and I is a constant if the section 
of the beam is uniform. Also M can be expressed in terms of x, so that 
the above equations may be written — 

i = j^ j M .dx, and 2/ = ^ f / ^ • <^^''- 

Example VII. — A beam of uniform section is supported at the two ends, 
30 feet apart, and is found to bend 6 inches downwards in the middle 
under its own weight. Determine the slope of the beam at the points of 
support. ]?ind also what the slope would be if the same deflection of 
6 inches were produced by the imposition of a central load instead of a, 
uniform load. (I.C.E., Oct., 1898.) 

Answer. — (a) Let AB be the beam of length L, resting on supports at 
A and B, and loaded with w lbs. per foot in length. Take the origin at 
the middle of the beam in order to make the constants of integration 
zero, since i = when a; = 0. 




Beam of Uniform Section and Loadino. 
The bending moment M at a distance x from is — 



M« 



w L 



(i..)-.(J-.)(lj_').|(-_..). 



. l_d-^y_ w (JJ \ 
" ■ p dx^ 2EI V4 /■ 

Integrating, we get the slope at any point of the beam — 
dy _ w 






dx 2EI 



fh^X X '\ 

\T-~jJ- 



The greatest slope at ends is found by substituting a; = -=-, we have— 

' "" 24^1' 
Also, to find the deflection — 

y is greatest at the ends — i.e., when y =—. 

Therefore, substituting this value, we obtain the deflection at the ends— 

I w / Ux^ x*\ _ bwL" 5 WL= 

&^2K1 \ 8 



y 



I2j 



384 EI 384 EI 



12 
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This represents the rise at the ends, which is equal to the sag at the 
middle. 
Hence, in this example, when the beam is uniformly loaded — 

"'L^ 192 16 16 .i=. .053= tan 3°. 



24 EI 24x5 L 10 L 10x30 75 

(6) When the beam is supported at both ends, and loaded with a single 
load W at the centre of the span which produces the same deflection of 
6 inches. 




Beam of Uniform Sbction with a Central Load. 

Taking the origin at the middle of the beam, in order to make the 
constants of integration zero. Then, since i = when a; = 0, we have — 

Bending moment M = -g-{^ -xj. 

, .. .u . 1 cPy W fh \ 

And, therefore, p- = d^2 = 2ElU"V- 

Integrating, we get the slope at any point — 



*~rfa:~2EI\2'" ij' 



At the ends, where x ^ ^, the slope — 



16EI' 



/w r Wx^fi, x\ 

idx = „■■ I {Lx-x^)dx = rpTjl -s-q )' 

and its greatest value — namely, the rise of the ends of the beam above the 

middle — will be got by substituting x = -^- 

^ WL3 ^1 
^ 48 EI ~ 2' 

Consequently, from these last two equations, we have — 

WU 24 3 3 1 






16 EI 16 L 2L 2x30 20" 
i = tan 2° 50'. 

Stiffness of a Beam or Girder. — The stiffness of any beam or girder 
is measured by the ratio of its maximum deflection to its span. In practice, 
this ratio varies from about y^ji to isVir in long steel spans for bridge 
work. Whilst for short girders and rolled joists it is about if^ to 5^,5, 
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Steel Girders. — In steel girders the two flanges are held apart by a 
thin, deep web, as in the plate girder type, or by diagonal bracing as in 
lattice girders. In actual practice, when designing a girder, the flanges 
alone are taken as resisting the bending moment, and the cross-sectional 
area of the web is neglected in finding the moment of resistance of the 
cross-section. The bending stresses are borne mainly by the flanges, the 
one is in tension and the other in compression, and a.s the thickness of each 
flange is small in comparison to the total depth of the girder, the intensity 
of stress is practically uniform throughout the whole of each flange. 

The function of the web or diagonal braces is to resist the whole of the 
shear stresses. 

The determination of the bending moment diagrams for the several 
methods of loading a girder are given in Lectures II. and III., Vol, II. 
Consequently, the bending moment at any point of the girder, dividea by 
the corresponding depth of the girder, gives the total stress in the flanges 
at that point, and this result, divided by the maximum intensity of the 
stress, gives the net area of one flange. 

Plate Girders. — Flanges.— In the rectangular plate girder the total 
flange stress is greatest at the middle, and diminishes towards the abut- 
ments, as seen by plotting a bending moment diagram. Consequently, the 
section of the flanges should correspondingly diminish from the centre to 
the ends of the girder. This is accomplished in actual practice by keeping 
the width of the flanges the same throughout the length of the girder, and 
reducing the thickness by reducing the number of plates. The bending 
moment diagram then lends itself very readily to the correct stepping of 
the plates. 




Bending Moment Diagram Used to Determine the Lengths 
ov Flange Plates job a Girder. 

Suppose it was found, that three thicknesses of plate were required to 
resist the bending stresses in the flanges at the middle of the girder ; then, 
if the depth of the bending moment diagram be divided into three strips of 
equal thickness, each strip will represent one plate. Hence, if the inter- 
section of these strips with the bending moment curve are projected up on 
to the flange of the girder, it at once gives the position where the plates 
may be stepped. Although it is usual to allow the plates to overlap from 
6 inches to 12 inches beyond the points thus obtained by the bending 
moment diagram. 

Parabolic Girders. — If the horizontal stress in either flange be con- 
stant, then the depth of girder d varies as the bending moment, and 
therefore the shape of the curved flange of the girder will be that of the 
bending moment diagram, which is a parabola. 

The horizontal component of the inclined stress at any point in the 
curved flange, or the uniform horizontal stress in the lower flange may be 

obtained by calculation from the formula M = -^-j- = H, the horizontal 

stress in the flange. The vertical component of any point in the curved 
V=Htan». 



180 



LECTURE VIII. 



S = H sec ». 



The total stress at any point in the curved flange is — 
S^ 1 
H sin i 

Hence, the total stress S will vary as sec i, and, consequently ,_ a greater 
thickness is required at the ends than at the centre, because sec i increases 
as i increases. 




Showing the Incebase in Flange Stress in a Pakabolic Girdek.* (*) 

The Web of Girders.— The shearing force in the web can be readily 
obtained from the shearing force diagram. 
Let S F = Shearing force at any point in tons. 
» /» = Working or permissible shear stress in tons per square inch 

(it does not usually exceed 2 tons per square inch). 
„ da— Depth of web in inches. 
„ « = Thickness of web in inches. 

Then, S F =/, d„« ; or, /. = j-^ ; or, t =J^- 
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Web oi' Plate Girder Stiffened by Means of Tee-iron Stiwenbbs. 

In practice, the depth of the girder is usually decided upon when design- 
ing the girder, and it is frequently taken as J to x^ of the span. The 



*I am indebted to Prof. R. J. Woods, M.Inst.C.E., of Cooper's Hill 
College, and to Edward Arnold, publisher of his book on "Strength and 
Elasticity of Structural Members," for their kind permission to reproduce 
the six figures marked thus (*) on pp. 180 to 1S2, 186, 188. 
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thickness of the web is then determined, but should it, on calculation, 
come out less than § inch, and it has been previously decided not to use a 
thinner web, then the depth in some instances is decreased accordingly 
within certain reasonable limits. The thickness of the web should, how- 
ever, not be less than § inch, to allow for deterioration, stiflhess, and 
corrosion, due to damp, &o. 

The shearing force increases from the middle of the span to the abut- 
ments, consequently, the thickness of the web plates may be reduced 
accordingly. But, it is sometimes more convenient to keep the web plate 
of the same thickness throughout. 

We have seen, that the shear stress on a square element is equivalent to 
a tensile stress along one diagonal and a compressive stress along the other, 
each at 45° with the direction of the shear stress. Therefore, angle-iron or 
tee-iron stiffeners are usually riveted to the web at intervals approximately 
equal to the depth of the girder, for the purpose of preventing any buckling 
of the web due to the compressive stress. 

Funetion of the Web in Resisting the Shearing Force with 
Parallel GirdeFS. — In the case of parallel girders, the stress on the 
flanges is horizontal ; therefore, the vertical shearing force can only be 
resisted by the vertical component of the stresses in the diagonal bars or 
web, hence they are absolutely necessary in parallel girders. It is the 
horizontal component of these same stresses in the diagonal bais or web 
which produce the increment of flange stress at each panel point, as shown 
by the accompanying illustration. 




Stresses in the Panel of a Linviixe or N Girder. 

Function of the Web in Resisting the Shearing Force with 
Parabolic Girders. — In the case of parabolic girders, the horizontal 
component of the stress at any point of the curved flange and the stress 
on the horizontal flange are constant. 

The bending moment at any section, whose co-ordinates are x and y, as 
in the accompanying figure, is M = H y. 

A 




Showing Ponction or the Web in Resisting the Shearing 
PoROB WITH Parabolic Girders. (*) 

The shearing force S F = -5 — == H -y^ = H tan i, and the vertical com- 
poneut of the stress in the curved flange Y = Htaat. 
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Therefore, the vertical component suffices to balance the shearing force 
on the section. Consequently, no stress occurs in the diagonal web bracing 
of a parabolic girder when the girder is uniformly loaded with a dead load. 
Hence, in such a girder subject to a uniform dead load the diagonal 
bracing may be omitted. 




Parabolic Gibdeb with the Hobizontal Flange 
Replaced by Abutments. (*) 

It will be seen, that the stress in the horizontal flange is entirely due to 
the thrust of the ends of the curved flange, and might, therefore, be 
replaced by abutments. This is then known as the principle of the arch. 

The above reasoning applies equally to the case where the bridge has the 
curved flange below the horizontal, except that the stresses are reversed, 
the horizontal flange being now in compression, and the curved flange in 
tension. 




Pababolio Gibdeb with Cubved Flange below 
THE Hobizontal. (*) 

Suspension Bridges. — The horizontal flange in the previous figure 
can now be replaced by anchorages at the abutments, then it is known as 
the principle of the suspension bridge. 

Definition of a Suspension Bridge.— A suspension bridge is one in 
which the platform is suspended by steel rods, from link or wire-rope cables, 
which pass over bearers on the towers erected at the piers and abutments. 




Sketch op a Suspension Beidgb. 



These cables or link chains are anchored down at their ends to the 
ground. When a flexible chain of uniform weight per unit of length is 
suspended at both ends, and allowed to U;iii2 freely, it takes the form of 
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a catenary curve (seeLeot. I., Vol. II.). In practice, with uni£(p-mly loaded 
suspension bridges, the load is uniformly distributed with reference to a 
horizontal line, and is usually suspended from the cables by rods placed 
at equal distances apart. The curve which the chain or cable assumes 
when thus loaded, is a parabola. When a moving load passes over the 
bridge, the curve which the chains assume changes with each position of 
the load, if the bridge is not stiflfened. 

Parabolic Chains, or a Chain Uniformly Loaded per Foot Sun of Span. 

Let A B represent the Chain suspended at the points A and B. 
„ w „ Uniform load per unit length or foot run of span. 

,, I ,, Length of span in feet. 

,, d ,, Dip, versine, or depth of lowest point of the 

curve below the horizontal drawn through AB. 
„ X and y ,, Co-ordinates of any point of the chain. 

,, T ,, Tension at any point. 

,, Hj ,, Horizontal component of tension on each chain 

or stress at the apex of the parabola. 
Taking the origin O at the lowest point of the chain, the total load 
borne by any arc OPiaw!xOP = wa;. 

This load acts through R, the middle point of Q. The tangent at P 
meets Q in R, and consequently bisects Q. 

Hence, the portion P of the chain is kept in equilibrium by ( 1 ) the 
weight of the chain wx, acting at R ; (2) the tension at P, acting tan- 
gentially to the chain ; (3) the horizontal tension H, acting at the origin 0. 
Then, these three forces must meet in the same point R, and are repre- 
sented by the triangle of forces P Q R. 

mu r y wx wx^ 

Therefore, ^ = ^ ., ov, y = ^ (1) 

An equation which shows that the form of the chain is a parabola, with 
its vertex at 0. 

From equation (1), H = -= — . . . .... (2) 

Then, the direct tension at P is equal to P R ;= B Q sec i, where i is the 
angle which the tangent at P makes with the horizontal. 
Or, PR» = RQ''-t-QP2. 

Substituting valuBS, T^ = H^ -)- (lo x)^ = ^j^+^ a^- 



T = -^ 



+ 1 (3) 



Hence, this last equation will give the tension at any point of the chain, 
and at the ends A and B, where the tension is greatest. That is, where 

a: =-p and y = d, we get, by substituting these values in equations (2) 

and (3) — „ wx^ wl? 

^ = ^=-8d <*) 



_ h^ ,, «. L / L2 , 



Ur. T = |^^/TMMTA . . . . (5) 
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Method of Attaching the Main Chains to the Piers, and 
Finding the Pressure on the Piers in Suspension Bridges.— The 

previous figure represents a span, where AOB is called the main central 
chain or cable. A and B T> are the side or counter chains or backstays, 
which are anchored down to the ground at the points and D; whilst 
E A and F B are the towers or piers. 

There are two methods by which the chains may be carried over the 
piers :— 

Case 1. — The main and counter chains may be continuous in one length, 
and pass over smooth rounded saddles or pulleys fixed to the tops of 
the piers. 

Case 2. — The main and counter chains may be separate or independent 
chains, the ends of each being fastened to a saddle which is free to move 
horizontally on the top of the tower or pier. 

In these two arrangements, the stresses on the backstays or counter 
chains, and the pressures on the piers differ considerably, as shown by the 
following analysis : — 

Analytical Solutions for Tensions on Chains and Pressures on Piers of 
Sv^pension Bridges. 

Let Ti = Tension on the main central chain A B. 
,, Tj = Tension on the counter or backstay at B. 
, , ii = Angle of inclination to the horizontal of the main chain at B. 
„ ij = Angle of inclination to the horizontal of the backstay at B. 
„ R = Vertical reaction or pressure on the pier. 

Case 1. — When the chain passes over the pulleys fixed on the top of the 
piers, the tensions Tj and Tj on the chains at each side of the pier w ill be 
the same, whether their angles of inclination ij, ij are the same or not. 

When the angles of inclination are the same, the external pressure on 
the pier will be vertical. If the angles of inclination ij, i^ be not equal 
then there will be a horizontal component to the pressure on the pier 
tending to turn it over in the direction of the chain whose angle of 
inclination to the horizontal is least. . 

Consequently, B. = T^ (sin ij + sin ij). 

And there is a horizontal force at each pier — 

Hp = Tj (cos ii - cos ij). . . • (6) 
If »! = tj, then, R = 2 Ti sin i^ (7) 

In this case, there is no horizontal force. Therefore, the vertical pressure 
an each pier is equal to twice the weight of the portion of the bridge be- 
tween the pier and the lowest point of the curve, because T^ was shown by 
equation (3) to be equal to the stress at the apex of the parabola into 
sec »', and by substituting this value in the above equation (7), we get — 

R = 2 Ti sin ij = 2 Ho sec i sin i = 2 Ho tan i = w L. 

Case 2. — When the ends of the main central chain and counter chain 
are fastened to the pier, or to a saddle which is free to slide horizontally 
on the top of the pier, the resultant pressure on the pier will always be 
vertical, no matter what the inclinations of the chains are to the horizontal. 
The tension on both chains will be the same when their angles of inclination 
are the same, but will be different when the angles vary, although the 
horizontal components of the tensions will be the same. 

But, Ti = Hq sec »! and Tj = Ho sec »,. 
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Therefore, the resultant vertical pressure on the pier will be — 

R = Ti sin I'l + Tj sin ij = Ho (tan ij + tan »j). . . (8) 

Example VIII. — A suspension bridge has a, span of 800 feet, a dip (or 
sag) of cord of 60 feet, and carries, by means of four cables, a total fixed 
load of 250 tons uniformly distributed along the length of the platform. 
Assuming the hanging rods to be very numerous, determine the tension in 
each cable at the lowest point and at the piers. Assuming the cables to 
be attached to saddles resting upon rollers on the tops of the piers and the 
anchor cables to make an angle of 45° with the vertical, determine the 
maximum stress in the anchor cables and the total pressure on each of 
the piers. (I.C.E., Feb., 1898.) 

Total load W = ui L = 250 tons. 



Each cable carries 



250 



■■ 62 5 tons. 



Let Ho = the horizontal component of the tension in the cable, we have 
from equation (4) — 



Ho 



i«L'_ WL 
8d ~ 8d ' 



62 5 X 800 
8 X 60 



= 104 J tons, tension at lowest point. 




Suspension Bridge. 



The vertical component of tension in central cable at either pier = J load 

62*5 
on cable = —^ = 31 "25 tons. 

. • . The resultant tension of the cable at the pier is obtained from 
equation (5) — 



T^^JI6^TL^ 



1 = 



62-5 
8 X 60 



25 



Jl6 X (60)2 + (800)2 __^ ^57,600 + 640,000. 



192' 



T = ^ JmfiOO = ?^^^ = 108-8 tons. 

The horizontal component of each anchor or backstay cable must equal 
Ho = 104i tons, and as it is inclined at 45°, the vertical component must 
also equal 104^ tons. 
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Henoe, total maximum tension acting along the backstay cables is 
obtained from equation (3) — 

T = Ho sec ia = 104J x sec 45° = 1044 x \/2 = 147-2 tons. 

Vertical pressure on each pier due to each cable is obtained from 
equation (6) — 

R = Ti sin i] + T^ sin 82- 

R = Vertical component of tension in central cable at the pier + vertical 
component of the stress in each backstay cable. 



R = 



62-5 



+ 104J = 31J + 104J = 135A tons. 



Therefore, the total vertical pressure on each pier which is due to the 
four cables = 4 R = 4 x 135,^ = 542 tonS. 

Stiffening Suspension Bridges by Means of Girders— When 

this bridge is liable to heavy rolling loads passing over it, the shape of the 
cables become deformed. The lateral oscillations may be retarded by 
efficiently bracing the platform with horizontal and diagonal bracing bars. 
Whilst, another method is to introduce into the structure a pair of light 
lattice girders. These girders, in addition to stiffening the bridge, act the 
part of side parapets or screens. The girders may be hung from the main 
central chains by aid of the vertical suspending rods, and the cross-beams 
of the bridge attached to their bottom ilanges. The ends of these girders 
are fastened down to the piers to prevent them being lifted when the load 
is passing over them. The object for the stiffening girders is to distribute 
the load uniformly over the cables, and thus prevent the latter becoming 
distorted. The booms and bracing bars of the girder should be designed 
for taking either a'tensile or compressive stress. 




Suspension Bridge Stifpenbd by Means of Gikdebs. (*) 



Single Girder Continuous from Pier to Pier under a Uni- 
form Live Load. — Reactions. — The moment the live load comes on to 
the suspension bridge, the stiffening girders distribute the load uniformly 
to the cables. Should the load be small in comparison with the weight of 
the cables, then the cables will keep their parabolic curve, and the stresses 
in the suspending rods will all be equal. 

In the accompanying figure, A and C are the supports or piers ; and, let 
US take it, that the girder is loaded over a portion x, with a live load of 
intensity w tons per foot run. 



SUSPENSION BRIDGES WITH SINGLE CONTINUOUS GIRDERS. 18" 

Then, if P = Pull on each suspending rod in tons 

p = Uniform upward pull of the suspending rods per foot run. 
L = Length or span of girder in feet. 
Rj, R2 = Reactions due to the part of the load. 

And, assuming that the weight is transmitted through the suspending 
rods, we have — 

pij = wx. . p = ^. . . . (1) 

Now, considering the conditions of equilibrium, we get — 
Ri+Ra+pL-Mia; = 0. But,pL = t«x. 

Ri+R2 = 0. 
Taking moments around the point C — 



«--(s:-s)=-E'^-)- 



Hence, Rj = -Ri = |^(L-a;) (2) 

Therefore, the reactions are equal and opposite, and will be a maximum 
when X = ^i giving their maximum value equal to —5—. Consequently, 

the maximum shearing force occurs at the supports when the live load 
covers half the span ; and the magnitude of the shearing forcr at the end 
of the live load on the bridge is equal to that of either reaction. 

Shearing Forces. — The magnitude of the shearing force in the loaded 
part of the suspension bridge at a distance x^ from the left-hand support 
will be — 

SF = 'R^ + pxi - wxi. 
Substituting the values for Rj andp from equations (1) and (2) — 
„ _ Ml a; ,-. . , wxjX 



w X li — w x^ + 2 w x^x — 2 w h Xi «i{L-a;)/a; 

2L ^ 






Hence, if x^ = ^, then the shearing force S F = 0, and it can easily be 

shown that the shearing force is zero at the middle of the unloaded part of 
the suspension bridge. Also, from equation (3) we see that if x^ = x, then 
the S F is equal to - Rj. 

Bending Moments. — The bending moment at any section of the loaded 
part of the bridge distant x^, say, from the left-hand support, is — 

wxLxi-wx'^Xj wxxi' wzig_ »>(L-a;) ,__ 
^^- 2L "'""21; 2"- 2L (*'=i-='x°)- (4) 
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From this equation we see that the bending moment B M = 0, when 
:£, = X, also when x^ = 0. 

The maximum bending moment occurs when ar, = -„, that is where the 

shearing force is nothing. 



Max. BM = '^^%f^^=c'. 



(5) 



Qreateat Bendijig Moment for a Moving Load. — To find the greatest 
B M as the load advances across the bridge, we equate j— (L a;^ - a:') to 
zero, from which we get a; = § L. 

54 ■ ■ 



Therefore, 



Greatest B M = ^^\^^^) (| L)2 = 



8L 



(6) 



This maximum bending moment will take place when the live load 
covers two-thirds of the span. 

If we consider the unloaded portion of the bridge, then the maximum 
bending moment also takes place at its middle point. Its maximum 
value occurs when the live load has travelled over one-third of the span, 

54 





k^MXMXlylXl^^ 



bOC 



.__r:?^-vr:|^/^//€ 
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Suspension Bridge with the Stitfening Gibdes Hinged at 
THE Centee. (*) 

Suspension Bridges with the Stiffening Girder Hinged at 

the Centre. — Professor Eankinet says, "In order to enable it (the 
suspension bridge) to act with the greatest efficiency, it should be hinged 
at the middle of the span, which may be effected by making it in two 
halves, connected together by means of a cylindrical pin of dimensions 
sufficient to bear the shearing stress," which will presently be stated. 
The object of the hinge at the centre is to annul the straining action 
which would arise from the deflection and expansion of the chain. It 
provides for contraction and expansion due to the changes of temperature. 
The cable or central chain is assumed to retain its parabolic shape when 
the span is partially loaded, in the same way, as assumed iu the previous 
case. Therefore, all the suspending rods are subjected to an equal stress. 
There will be no bending moment at the centre of the span, owing to the 
hinge being placed there. 



tSee Bankiue's Civii Engineering, p. 579. 
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_ Using the same notation as given in the previous case, and taking the 
live load as occupying a portion of the bridge distant x feet from the left- 
hand support. 

Applying the conditions of equilibrium, we have as before — 

B,i+'R^ + pl,-wx = 0. .•.Ri+R3=0. . (1) 
Taking moments about the hinge in the centre of the bridge, we get — 

R.§ + P^'-^(L-:») = (2) 

And, n,^ + PE^o (3) 

Consequently, from these three equa;tiona, we get — 

2wx^ 

p^-ix <*> 

B^=^{2Lx-3x^). . . (5) 
R^=-^-^x-. . . (6) 

Hence, Rg will be a maximum when a: = ^ ; and max. Ro = — ^■ 

n _ L „ _ MlL 

The magnitude of the shearing force at the end of the load on the bridge 
fvill be — ,,, 

&¥ = 'R^ + px-wx = ^(ia?-3x^l,). . (7) 

This equation becomes a maximum when x = ■=, and is equal to — t— ■ 

The maximum bending moment occurs at the section where the shearing 
force is nothing. 

To find the magnitude of both the bending moment and shearing force at 
any point of the loaded portion of the girder, distant, say, x^ feet from the 
left-hand support, we have— 

BM = R2a:i + ^'-^' (8) 

&'e = '&^+pxi~wxy . . . . , . . . (9) 
If the S F = 0, then from equation (9) — 
SF = B^+pXi-wx^ = 0. 
Xj^{w-p) = Ri. 

_ Be _ (2La;-3a;'')L 

Also, the bending moment from equation (8) will be — 

Hence, differentiating and equating to zero for the max. B M, we get — 

(L'i - 2 a:-) (L - 3 a;) + a;'^ (2 L - 3 a:) = 0. 
Or, 3ar'-3L'^a: + L3 = 0. 

.«. X = '4 L, approximately. 
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Substituting this value for x in equation (10), we obtain the raagaitude 
of the maximum positive bending moment. 

„ ^ _ w(2Lx - Sx^" _wl? 
8(L2-2a!'') ~ 53 " 

For the right-hand half of the span of the suspension bridge, at a point 
distant, say, x^ feet from the right-hand tower, we have — 

-, Til n wx^ 2wx^ „ , , , , 

&¥ = S.^+px^= - ■^+ -^^j^^. . (11) 

B M = Ra ajj -I- ^' (12) 

On examining equation (11) we find that when S F = 0, a;, = j . and 

the bending moment B M = r^. 

Therefore, maximum negative bending moment, 

„ - . wx'^ w'L? wl? 
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Lbctubb VIII. — Questions. 

1. Let the ends of each of the bays of the roof truss in Fig. 49, Lecture 
III., Vol. III., be fixed so that a load of 1 ton is acting at each of the joints 
in the rafters ; draw a frame and a stress diagram to scale, tabulating the 
stresses in the various members in the manner indicated by the table on 
p. 39. Express your own views regarding this kind of roof for large spans 
as compared with any other style. 

2. Draw and explain different methods of constructing the parabola 
upon a given base. 

3. Explain Culman's and Ritter's methods of sections by means of 
sketches, &c. 

4. Explain concisely and clearly, by aid of scale drawings, how you 
would determine graphically the maxima and minima stresses in the mem- 
bers of a Curved Trussed Oirder due to a live load. 

5. Explain the functions of the web in resisting the shearing force with 
parallel and with parabolic girders. 

N.B. — See Appendices B and G for other questions and answers. 
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APPENDICES. 



APPENDIX A (p. 194 to p. 199). 

(i.) General Instructions by The Board of Education for their Examina- 
tions on Applied Mechanics. 

(ii.) General Instructions by The City and Guilds of London Institute 
for their Examination on Mechanical Engineering. 

(iii.) Rules and Syllabus of Examinations by The Institution of Civil 
Engineers for Election of Associate Members. 

APPENDIX B (p. 200 to p. 217), 

(i.) Board of Education's Exam. Papers in Applied Mechanics, Stages 2 
and 3. The City and Guilds of London Institute's Honours 
Exam. Papers in Mechanical Engineering. And, The Institution 
of Civil Engineers' Exam. Papers in Theory of Structures, 
arranged in the order of the Lectures. 

(ii.) All new Answers to Questions for the respective Lectures are 
tabulated under the two main h.ea,dinga— either Board of Education 
and City and Guilds or Institution of Civil Engineers. 

APPENDIX C (p. 218 to p. 220). 

The latest Exam. Papers pertaining to Theory of Structures and set 
by the governing bodies enumerated under Appendix A. 

APPENDIX D (p. 221 to p. 226), 
Tables of Constants, Logarithms, Antilogarithms, and Functions of Angles. 
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MAY EXAMINATION ON SUBJECT VIlA. 
APPLIED MECHANICS.* 

BT TME BOARD OF EDUCATION SECONDARY BRANCH, 
SOUTH KENSINQTON, LONDON. 



GENERAL INSTRUCTIONS. 
If the rules are not attended to, your paper will be cancelled. 

Immediately before the Examination commences, the following 

REGULATIONS are TO BE READ TO THE 

CANDIDATES. 

Before commencing your work, you are required to fill up the numbered 
Blip which is attached to the blank examination paper. 

You may not have with you any books, notes, or scribbling paper. 

You are not allowed to write or make any marks upon your paper of 
questions, or to take it away before the close of the examination. 

You must not, under any circumstances whatever, speak to or communi- 
cate with one another, and no explanation of the subject of examination 
may be asked or given. 

You must remain seated imtil your papers have been collected, and then 
quietly leave the examination room. None of you will be permitted to 
leave before the expiration of one hour from the commencement of the 
examination, and no one can be re-admitted after having once left the room. 

Your papers, unless previously given up, will all be collected at 10 
o'clock. 

If any of you break any of these rules, or use any unfair means, you will 
be expelled, and your paper cancelled. 



Before eommeneing your work, you must carefully 
read the following instructions :— 

Candidates who have applied for examination in the Elementary Stage 
must cofnfine themselves to that stage. Candidates who have not applied to 
take the Elementary Stage may take Stage $, or Stage 3, or, if eligible, 
Honours, but they must confine themselves to one of them. 

Put the number of the question before your answer. 

You are to confine your answers strictly to the questions proposed. 

Such details of your calculations should be given as wiU show the 
methods employed in obtaining arithmetical results. 

A table of logarithms and functions of angles and useful constants 
and formulas is supplied to each candidate. (See end of Appendix to 
this Book.) 

The examination in this subject lasts for three hours. 
*See Appendix C for the latest Exam. Papers. 
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DEPAETMENT OF TECHNOLOGY. 



TECHNOLOGICAL EXAMINATIONS. 



46.— MECHANICAL ENGINEERING.* 

Honours Grade (Written Examination). 

Instrcotions. 

The Candidate for Honours must have previously passed in the Ordinary 
Grade, and is required to pass a Written and Practical Examination. He 
is requested to state, on the Yellow Form, whether he has elected to be 
exammed in A, Machine Designing, or in B, Workshop Practice (a) Fitting, 
(6) Turning, (c) PcUte^'nmaking. Candidates in Machine Designing must 
forward their work to London not later than May 6th,t and in Workshop 
Practice not later than May 13th.+ 

The number of the question must be placed before the answer in the 
worked paper. 

The Candidate is at liberty to use divided scales, compasses, set squares, 
calculators, slide rules, and mathematical tables. 

Five marks extra will be awarded for every answer worked out with the 
slide rule, provided the method of working is explained. 

The maximum number of marks obtainable is affixed to each question. 

Three hours allowed/or this paper. 

The Candidate is not expected to answer more than eight of the following 
questions, which must be selected from two sections oiUy. 

* The questions in Sections A and C may be answered from Vols. I. to 
V. of my Text- Book on Applied Mechanics. Section B is printed in my 
Text-Book on Steam and Steam Engines. The Questions for the Ordinary 
Grade are printed at the end of my Elementary UaniaU on Applied 
Mechanics. 

* See Appendix Cfor the latest Exam. Papers. 

t These dates are only approximate, and subject to a slight alteration 
each year. 
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Extracts from Rules and Syllabus of Examinations foe 

ELECTION OF ASSOCIATE MEMBERS. 

Note. — Engineers who desire to enter for the A.M.Inst.O.E. examina- 
tions should write at once to the Secretary, Great George Street, West- 
minster, S.W., for the complete Rules, Syllabus; and Application Forms. 
They will find all the questions relating to the above mentioned subjects 
which have been set since these examinations commenced in 1897 in my 
Text-Books. 

The following extracts are simply printed here to show how far my books 
upon Applied Mechanics and Mechanical Engineering ; Steam arna Steami 
Engines, including Turbines and Boilers; as well as Magn^ism amd Electricity 
(including Munro & Jamieson's Pochet-Booh of Electrical Bvlesamd Tables), 
together with my " Correspondence System of Electrical and Mechanical 
Engineering Science, as taught by Exercises, Sravnngs, and Instructions" 
cover the Scientific and Practical Knowledge demanded by the Institution, 
under Part II., Section A (1, 2, 3a, and 36), as well as Section B under 
Group i., Theory of Heat Engines; Group ii.. Hydraulics and Theory of 
Machines ; and Group iii.. Applications of Electricity. 

Note for Students. — In the regulations for Students one of the subjecta 
which may be selected is that of Elementary Mechanics of Solids and 
Fluids, for which see my Elementary Applied Mechanics when studying 
this subject. Also, see my Elementary Magnetism and Electricity booK 
when reading that part of the Elemental Physics for admission of 
Students, or correspond with me re those two subjects. 

Paivt II.* — Scientific Knowledge. 
Section A. 

1. Applied Mechanics (one Paper, time allowed, 3 hours), 

2. Strength and Elasticity of Materials (one Paper, tim^ allowed, 
3 hours). 

* Candidates may offer themselves for examination in Sections A and B 
of Part n. together ; or they may enter for Section A alone, and, if suc- 
cessful, may take Section B at a subsequent examination. In the latter 
case, however, such candidates will not be allowed to present themselves 
for examination in Section B unless or until they are actually occupied in 
work as pupils or assistants to practising Engineers. The Council may 
permit Candidates who have attempted the whole of Part II. at one 
examination, and have failed in Section B only, to complete their qualifica- 
tion by passing in that section at a subsequent examination, sobjeot to 
their being then occupied as above stated. 
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3. Either (a) Theory of structures. 

or (5) Theory of Electricity and Magnetism (one Paper, 
time allowed, 3 howra). 

Section B. 

Two of the following nine subjects — ^not more than one from any group 
(one Paper in each suHjeot taken, time allowed, 3 hours for each Paper) : — 

Gronp i. Group ii. Group iii. 

Geodesy. Hydraulics. Geology and Mineralogy. 

Theory of Hea6 Theory of Machines. Stability and Resistance 

Engines. Thermo- and Electro- of Ships. 

Metallurgy. Chemistry. Applications of Elec- 

tricity. 

Mathemaiica. — The standard of Mathematics required for the Papers in 
Fart II. of the examination is that of the mathematical portion of the 
Examination for the Admission of Students, though questions may be set 
involving the use of higher Mathematics. 

The range of the examinations in the several subjects, in each of which 
k choice of questions will be allowed, is indicated generally hereunder : — 



Sbctioii a. 

1. Applied Mechanics: — 

Statics. — Forces acting on a rigid body ; moments of forces, composition, 
and resolution of forces ; couples, conditions of equilibrium, with applica- 
tion to loaded structures. The foregoing subjects to be treated both 
graphically and by aid of algebra and geometry. 

Hydrostatics. — Pressure at any point in a gravitating liquid; centre of 
pressure on immersed plane areas ; specifio gravity. 

KtTiemaiics of Plane Motion. — Velocity and acceleration of a point; 
instantaneous centre of a moving body. 

Kiiietics of Plane Motion. — Force, mass, momentum, moment of 
momentum, work, energy, their relation and their measiore ; equations of 
motion of a particle ; rectilinear motion under the action of gravity ; 
falling bodies and motion on an inclined plane ; motion in a circle ; centres 
of mass and moments of inertia; rotation of a rigid body about a fixed 
axis ; conservation of energy. 

2. Strength and Elasticity of Materials: — 

Coefficients of elasticity ; elastic resistance to tension, compression, 
shearing, and torsion ; uniform and varying stress ; moment of stress 
and of resistance in beams of various sections ; distribution of shearing 
stress in beams ; stresses suddenly applied and effects of impact ; buckling 
of struts ; effect of different end-fastenings on their resistance ; combined 
strains ; calculations connected with statically indeterminate problems, as 
beams supported at three points, &c.; limit of elasticity, yield-point, and 
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ultimate resistance of various materials as tested : the plastic state ; 
principal forms of testing macHInes and of appliances used in measure- 
ments for the determination of coefficients of elasticity ; calculation of 
extension, deflection, buckling, &c., within elastic limits, and of ultimate 
Birength and ductility for ordinary materials of construction. 

3. (a) Theory of Strnctnres: — 

Graphic and analytic methods for the calculation of bending moments 
and of shearing forces, and of the stresses in individual members of 
framework structures loaded at the joints ; plate and box girders ; incom- 
plete and redundant frames ; theory of continuous girders and principal 
methods of calculation ; travelling loads ; riveted and pin-joint girders ; 
rigid and hinged arches ; strains due to weight of structures ; theory of 
earth-pressure and of foundations ; stability of masonry and brickwork 
structures. 

3. (() Theory of Electricity and Magnetism: — 

Electrical and magnetic laws, units, standards, and measurements ; 
electrical and magnetic measuring instruments ; the theory of the 
generation, storage, transformation, and distribution of electrical energy ; 
continuous and alternating currents ; arc and incandescent lamps ) 
secondary cells. 

Section B. 
Oronp i. Theory of Heat Engines :— 

Thermodynamic laws ; internal and external work ; graphical repre- 
sentation of changes in the condition of a fluid ; theory of heat engines 
Working with a perfect gas ; air- and gas-engine cycles ; reversibility, 
conditions necessary for maximum possible efficiency in any cycle; pro- 
perties of steam ; the Camot and Clausius cycles ; entropy and entropy- 
temperature diagrams, and their application in the study of heat engines ; 
actual heat engine cycles and their thermodynamic losses ; effects of 
clearance and throttling ; initial condensation ; testing of heat engines, 
and the apparatus employed ; performances of typical engines of different 
classes ; efficiency. 

Oronp ii. Hydraulics: — 

The laws of the flow of water by orifices, notches, and weirs ; laws 
of fluid friction; steady flow in pipes or channels of uioiform section; 
resistance of valves and bends ; general phenomena of flow in rivers : 
methods of determining the discharge of streams ; tidal action ; genera- 
tion and effect of waves ; impulse and reaction of jets of water ; trans- 
mission of energy by fluids ; principles of machines acting by the weight, 
pressure, and kinetic energy of water ; theory and structure of turbmes 
and pumps. 

Theory of Machines: — 

Kinematics of machines ; inversion of kinematic chains; virtual centres; 
belt, tope, chaiu, toothed and screw gearing; velocity, acceleration 
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and effort diagrams ; inertia of reciprocating parts ; elementary cases of 
balancing ; governors and flywheels ; friction and efficiency ; strength and 
proportions of machine parts in simple cases. 

Group iii. Applications of Electricity : — 

Theory and design of continuous- and alternating-current generators and 
motors, synchronous and induction motors and static transformers ; design 
of generating- and sub-stations and the principal plant required in them ; 
the principal systems of distributing electrical energy, including the 
arrangement of mains and feeders ; estimation of losses and of efficiency ; 
principal systems of electric traction; construction and efficiency of the 
principal types of electric lamps. 



S^ Candidates should see, that all their " Forms " are duly completed and 
poised by the Council of the Institution of Civil Engineers, Great 
George Street, Westminster, S.W., hefore 1st January for the Feb- 
ruary Examination, and hefore. the Ist September for the October 
Examination. Candidates should, therefore, apply -to the Secretary 
for the " Forms," at least six months before these Examinations, to 
give them time to make due and proper Application, and to 
thoroughly Revise the subjects upon which they are to be examined 
with an experienced Guide and Tuition by Correspondence. 

Examinations Abroad. — The papers of the October Examination 
mdy will be placed before accepted Candidates in India and the 
Colonies. To enable the Secretary to make arrangements for the 
Application Forms and Fees, &c., of these Candidates, their Forms, 
&c., must be in the Secretary's hands, be fore the 1 at June preceding 
the October Examinations. 

N.B. — See Appetidix G for the latest Exam,. Papers in Theory of Structures. 
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Lecture II. — Oedinaey Qukstioks. 

1. Tjts.w the force diagram for the roof shown in the figure, the wind 
blowiivg fio™ tJie left, and the right-hand end being on rollers. 




(C. *G., H.,Sec. A, 1906.) 

2. Draw the force diagram for the roof truss shown, and tabulate the 

forces in the different members. (C. & Gr., H., Sec. A, 1907.) 




Ucmts. 



3. In the case of large steel roofs, as, for example, station roofs, 
describe two methods for providing against the expansion of the steel. 
Taking one of these cases, indicate, in general terms, how you would 
proceed to draw the force diagram — vertical loads only being considered. 

(C. & G., H., Sec. A, 191)7.) 



Lboturb IV. — Ordinary Questions. 

1. The legs of a tripod are 15, 16"5, and 18 feet long respectively, and 
the lengths of the lines joining the feet of the legs are each 20 feet. Find 
the force along each leg when a weight of 10 tons is suspended from the 
apex. Graphical constructions may be used. (C. & G., H., Sec. A, 1903.) 

2. A tripod has the following dimensions : — The apex point is 0, and 
the lengths of the three legs A 0, B 0, and C are respectively 18 feet, 
17 "5 feet, and 16 feet. The lengths of the sides of the triangle formed by 
the feet A B, B C, and C A are 9 feet, 9 '5 feet, and 10 feet respectively. 
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Find graphically, or in any other way, the forces which act down oach 
leg of the tripod when a load of 10 tons is suspended from it. 

(B. of E., S. 3, 1906.) 

Lecture VIII. — Ordikaby QtTESTioNS. 

1. What are the functions of the top and bottom booms, and of the 
diagonal pieces of a railway girder ? Why are the booms usually larger in 
section towards the middle of the girder, and the diagonal pieces larger 
towards the ends of the girder? (B. of E., Adv., 1903.) 

2. A heavy chain is supported by its ends, A and B, which are 12 feet 
above the lowest part of the chain. The horizontal distance between A 
and B is 66 feet, and the weight of the chain is 20 lbs. per foot of its 
horizontal projection. Draw out to scale (10 feet to the inch) the shape of 
the chain, and find the force in the chain at the lowest point. What is 
the maximum force in the chain? (B. of E., Adv., 1903.) 

3. Explain what is meant by the "method of sections" in determining 
the forces in the members of a braced structure. Eind, by this means, the 
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forces in the members ah, he, and c a, in the Warren girder shown in the 

figure. (C. & G., H., Sec. A, 1904.) 

4, A roof truss, subject to vertical loads, is as sketched. Explain fully 




how the force in each member may be obtained. You may adopt either 
graphical or analytical solutions. (0. & G. , H. , Sec. A, 1905. ) 
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5. Explain how to determine the stresses in all the members of a frame by 
the method of sections. A girder 120 feet long, with pa.ra!iel chords 
16 feet apart, has eight panels of N form, and is loaded with 20 tons at 
each of the top joints. Calculate the stresses in all the members of the 
second and third panels from one end. (C & G., 1908, H., Sec. A.) 



T.C.E. QUESTIONS. 
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Leciube I. — I.C.E. Questions. 

1. A string, A B C B, hanga in a vertical plane, the ends A and D being 
fixed. A weight of 10 lbs. is hnng from the point B and an unknown 
weight from the point C. The middle portion B C is horizontal and the 
portions A B and C D are inclined at 30° and 45° to the horizontal respec- 
tively. Determine the unknown weight and the tensions in the three 
portions of the string. (I.C.E., Oct., 1903.) 

2. In respect to structures, what is meant by the terras "redundant," 
"deficient," and "counter-bracing"? Give an example of each. How 
would you ascertain whether a frame is "redundant," "deficient," or 
" simply firm " ? (I.C.E., Oct., 1903 and 1905. ) 

3. A braced cantilever is as shown in figure. Find the forces acting in 




each member, and distinguish between ties and struts. (I.C.E., Feb., 1904.) 

4. A masonry dara, 20 feet high, 4 feet wide at the top and 12 feet wide 
at the bottom, has its faces straight, the water lace being vertical. Draw 
the line of thrust when the water-level is 2 feet from the top. Take the 
specific gravity of the masonry as 2-25. (I.C.E., Feb., 1904.) 

5. A small masonry dam is to be built of rectangular section with 
vertical faces. The specific gravity of the masonry will be 2'0, and the 
wall will stand 12 feet high, its top coinciding with the water-level. If 
the line of pressure at the base is not to stray beyond the middle third, 
what must be the thickness of the wall ? (I. C. B. , Feb. , 1905. ) 

6. The wall of a water-tank is 7 feet deep, the section being rectangular, 
and the weight of the masonry 120 lbs. per cubic foot. Neglecting all 
forces except the weight of the wall and the pressure of the water, find 
the thickness of the wall in order that the line of action of the resultant 
pressure shall pass through the extremity of the middle third of the base 
joint, when the depth of the water is 6 feet. (I.C.E. , Oct., 1905.) 

7. A tramoar weighing 8 tons is moving round a curve of 50 feet radius 
at 8 miles per hour, the plane of the rails being horizontal and the gauge 
3 feet 6 inches. If the surface of the car is taken as equivalent to a 
rectangle 15 feet high and 20 feet long and its centre of gravity 5 feet 
above the rails, find the least normal wind-pressure which would overturn 
the car. (I.C.E., i^feS., 1906.) 

8. The simple frame is loaded at B and C as shown. It is supported by 
a vertical reaction at A and by a reaction at D. Find the magnitude 



204 



APPENDIX B. 



of the reaction at A, the magnitude and direction of the reaction at D, 
and the forces in the bars, stating which are struts and which are ties. 




(I.C.E., Oct., 1907.) 

9. A uniform beam C D, 6 feet long, carrying a weight of 1.000 ^^f-''^ 

in a horizontal position when suspended by two ropes C A and D o at the 

angles shown in the figure. Find the position of the weight, (a) it the 





weight of the beam is neglected, (6) if the weight of the beam is 500 lbs. 

In case (a) find the tensions in the ropes. (I.C.E., Feb., 1908.) 

10. One leaf of a pair of dock gates has the form and dimensions in plan 

as shown. Determine tke directions and amounts of the reactions at the 



--f^treFace 
IFPwide 



Heelpost I 
2 FP dia. 




30 Feet H 



centre of the heel-post and the centre of the face of the mitre-post for a rib 
2 feet in vertical depth under an average head of 20 feet of sea-water. 
Determine also the position, direction, and amount of the resultant thrust 
on the section at the centre of length of the leaf, midway between heel- 
post and mitre-post. Sea water weighs 64 lbs. per cubic foot. 

(I.C.E., Oct., 1908.) 



I.C.E. QUESTIONS. 
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Lbotube III, — I.C.E. Questions. 

1. A roof truss oonaists of two rafters, equally inclined, connected by a 
horizontal tie at a distance of a feet below the apex of the truss. If the 
span be I feet and the load at the apex of the truss w tons, show that 

the tension in the tie-rod is ;; — tons. (I.C.E., Oct., 1903.) 

2. In the roof frame sketched in the figure, the left supporting force is 
vertical. The dead load being 50 Iba. per foot run of slope, and the 




normal wind pressure on the left slope being 100 lbs. per foot run, find the 
stresses in the members, showing which are ties and which are struts. 

(I.C.E., Oct., 1903.) 

3. Find the stresses in the members of the roof frame shown in the 

sketch, and mark the stress beside each member, + representing tension, 




and - compression. The dead load is 100 lbs., and the normal wind 
pressure 150 lbs. per toot run of slope. The wind is on the right slope) 
and the left'reaction is vertical. (I.C.E., Feb. , 1904., 

4. In the roof truss shown in the figure, the tie-bar A B is continuous 
from A to B, the rafters and struts being connected by joints as indicated. 



[l.Ton 



yz.Tans^ 



.l.Ton 



^30' 



Find by calculation, or graphically, the stresses in all the members and 
sketch the curves of shearing force and bending moment for the bar A B. 

(I.C.E., ii-eft., 1906.) 
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C. Draw the stress diagram for the frame shown in the accompanying 
figure, assuming the joints to be loaded with equal weights in the 




direction of the arrows Indicate which bars are in tension and which 

are in compression. (I.C.E., Feb., 1906.) 

6. Find the stresses in the various members of the roof truss shown in 

? Tons 

I Ton ^-'^^''SnF 2 Tons 
iTon °^^Tm / .. \o^\P 2Tons 
OSTon ^^y^''^--^ ■- // W " ^'^*>^^ 



the figure, indicating in tabular form which members are in tension and 
which in compression. (I.C.E., Feb., 1908.) 




Lecture IV. — I.C.E, Qtjertions. 

1. A pit crane is as sketched — a being a footstep bearing and the 
reaction at b assumed horizontal. Find, graphically or otherwise, tlie 
forces in the different members when a load of 10 tons is suspended from 
the extremity of the jib, and distinguish between ties and struts. 

(I.C.E., Oct., 1903.) 

2. Three poles, each of length 6 feet, form a tripod, the feet of the poles 
being 5, 6, and 7 feet apart. Estimate the forces in each leg when a 
weight of 5 tons is suspended from the apex. (I.C.E., Feb., 1904.) 

3. The tie and jib of a crane are inclined at 60° and 45° respectively to 
the vertical post, and the direction of the chain is such that it bisects the 
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angle between them. If the tension in the chain is, by means of tackle, 
made half the weight carried, find the forces in the tie and jib when the 
load carried is 10 tons. ^^ (I.C.E., FO)., 1904.) 




Pig. for Question 1, 



Fig. for Question 3. 



4. In the figure, A B is a vertical post rigidly fixed to the ground at B. 
The jib CE is hinged to A B at C, and is tied to the top of the post by the 
tie AD, a weight W being supported from E. Indicate by sketches the 
direction of the reaction at C, and the curves of shearing force and bending 
moment for the jib and post. (I. C. E. , Oct., 1905. ) 





Fig. for Question 4. Fig. for Question 5. 

6. A jib and pillar crane, as in diagram, carries a load of 10 tons 
suspended from A at a distance of 16 feet from the axis of post BD. 
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Neglecting the weight of crane, find the stress in A C and A B. Determine 
the greatest and least intensities of stress on the cross-section at E, 
where the post is a hollow casting of 24 inches outside diameter, and 
2 inches thick. What are the horizontal and vertical reactions at D ? 

(I.C.E., Oct., 1907.) 

6. A crane is constructed of the form shown by the diagram ; the chain 

is removed, and a test load of 10 tons is suspended from the point E. 




lOTons 



30'. 0" • -*1 



Neglecting the weight of the structure, ascertain the stresses in the 
various members, and the weight of the counter balance weight at C 
necessary to give an overturning factor of safety of 2. 

(I.C.E., Oct., 1907.) 

7. The legs of a pair of shear legs are 60 feet long and spaced 20 feet 
apart at the base ; the backstay is 80 feet long. A load of 20 tons is 
suspended 15 feet in front of the hinges at the base of the legs ; find the 
stresses in the legs and in the backstay. (I.C.E., Feb., 1908.) 

8. A large crane revolves on the top of a braced tower 140 feet high. 
The tower consists of four steel columns forming a square of 40 feet sides, 
between centres of columns. Total weight of crane superstructure and 
tower is 900 tons, and their centre of gravity is 5 feet from the centre of 
the base of the tower. The wind -pressure on the whole structure amounts 
to 260 tons, and its resultant acts at 130 feet above the base of the tower. 
Calculate the downward pressure on the leeward column feet, and the 
tension, if any, on the windward column feet, for the two conditions : — 
(a) Wind acting at right angles to side of tower, and centre of gravity to 
leeward. (6) Wind acting along diagonal of tower, and centre of gravity 
to leeward. (I.C.E., Oct., 1908.) 



Leotobe v.— I.C.E. Questions. 



1. A small double-flanged cast-iron girder is of the section shown. Find 
the distance of the centre of gravity of the section from the bottom of the 
lower flange. (LCE., Oct., 1903.) 
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2. A channel section has a base of 10 inches, sides 3 inches, and thick- 
ness of metal -ff inch. Find the moment of inertia of the section round a 
line through the centre of gravity parallel to the base. (l.C.E., Feh., 1904.) 



^ 



V- 



■^ 




Fig. for Question 1. 



Fig. for Question 4. 



3. A gi'der of 120 feet span consists of 10 equal panels of 12 feet each, 
with a uniJ' rm depth of 12 feet, and with a web bracing of vertical posts 
and inclined ties. A total load of 30 tons ia imposed at the top of each 
vertical. Take the third panel from either end, and find the stress in each 
of the four sides of the/panel, and also ::i the diagonal tie. 

(I.C.E., Oct., 1904.) 

4. A simple Warren girder is as shown in the figure. Estimate, 
graphically or otherwise, the forces in the different members, and dis- 
tinguish between ties and struts. (I.C.E., Feb., 1905.) 

5. State the rule for obtaining the position of the centre of gravity of 
any number of areas situated in one plane, and use it to determine the 
centre of gravity of the section of a cast-iron beam in which the upper 
flange is 3 inches wide and 2 inches deep, the web is 3 inches deep and 
1 inch thick, and the lower flange is 5 inches wide and 2'5 inches deep. 

(I.C.E., Oct., 1905.) 

6. Define "force." What elements must be specified to distinguish a 
given force from all others ? Find, otherwise than graphically, the 




JO Tons 




10 Tono- 



stresses in the various members of the two trusses sketched. Hence 
compare the total weights of the trusses, and explain the disparity in 
these weights. (I.C.E., Oci., 1906.) 

7. Sketch the ordinary cross-section given to the flanges in an N-type 
girder, and indicate how the vertical and diagonal web members are 
attached to them. Why does the use of a connecting-plate reduce the 

u 
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number of rivet holes necessary to be driHed through the flange to make 
the connection ? (I. C. E. , Oct. , 1906. ) 

8. If an N girder, 120 feet long and 12 feet deep, with 10 bays, hae to 
support a moving uniform load of 2 tons per foot run, find approximately 
the maximum stresses in the verticals due to this 
load. (I.C.E., Oct., 1906.) 

9. A braced cantilever 30 feet long on the bottom 
boom X 10 feet deep, of the N-truss type, having two 
vertical members and three diagonals, has a load 
suspended from the extreme end. Assuming the 
tensile stress to be 6 tons per square inch, and the 
compression stress 5 tons per square inch, what is 
the deflection at the point from which the load is 
suspended? (I.C.E., i^eft., 1907.) 

10. Find the position of the centre of gravity of the area shown in the 
figure. (I.C.E.,i?'e6., 1908.) 

Leotubb VIII. — I.C.E. Questions. 

1. A suspension footbridge carried on two chains hanging in a parabolic 
curve is subject to a load of 1,200 lbs. per foot run. The distance between 
the piers is 80 feet, the sag is 10 feet, and the chains reach and leave the 
piers at equal angles. Find the maximum tension in each chain and the 
pressure on the piers. (I.C.E., Oct., 1903.) 

2. An N girder of 90 feet span carries a distributed load of \\ tons per 
foot run on the bottom boom. There are six panels 
and the diagonals are inclined at angles of 45°. 
Find, by the method of sections or otherwise, the 
stresses in the sides and diagonal of the panel 
ABCD. (I.C.E., J?'e6., 1904) 

3. The uniform section of a rolled iron beam ABC, with two equal 
flanges, has a depth of 12 inches and a moment of inertia I (about neutral 
axis) of 240 inch-units. The beam is anchored upon a pier at A, and 
supported at B, the lengths A B and B C being each 20 feet ; and carries 
a uniform load of 2 cwts. per foot covering its whole length A C. Calculate 
the deflection of the unsupported end C below the horizontal line A B 
produced: assuming E = 12,000. (I.C E., Oct., 1904.) 

4. In the case of the cantilever beam described in the above question, 
find the slope of the beam at A, at B, and at C, giving its inclination to 
the horizontal line A B produced. (I.C.E., Oct., 1904.) 





6. A cantilever bridge A B C D E F crosses the three equal spans A C, 
D, and D F of 300 feet each. The girder is virtually hinged at B and e| 



I.C.E. QnESTIONS. 211 

SO that AB and E F are detached girders of 500 feet each, resting upon the 
cantilever arms C B and D E of 100 feet each, while the girder B C D £ is 
continuous for its whole length of 500 feet. Assume a dead load of 1^ tons 
per foot throughout, and find the moments at C and D, and at the middle 
of the central span. (I.C.E., Oct., 1904.) 

B. In the bridge above described, assume a live load of 2 tons per foot 
in addition to the dead load, and find again the moments at C and D and 
at the middle of the central span under the following conditions : — (a) Live 
load covering the span C D and no other ; (6) live load covering spans A C 
and D F and no other. (I.C.E., Oct., 1904.) 

7. The chain of a suspension bridge crosses a span of 600 feet with a dip 
of 50 feet, lying in a parabolic curve. Find the tensile stress at the centre 
and at each end of the span for a maximum load of IJ tons per foot uni- 
furmly distributed, and give a dimensioned sketch design for the steel 
links and pin-connections. (I.C.E., Oct., 1904.) 

8. The chains of the above-named bridge are carried over the towers 
upon roller bearings, and are continued as blackstays lying in nearly 
straight lines at an inclination of 3 to 1. For the load given in the previous 
question find the total weight carried upon the top of each tower, and also 
the pull in the backstay. (I.C.E., Oct., 1904.) 

9. Calculate the two pier moments and the four reactions in a continuous 
girder bridge having three equal spans of 60 feet each, with a uniform 
section, when covered by a uniform load of 2 tons per lineal foot, and 
show how the results are obtained. (I.C.E., Oct., 1904. 

10. Find the pier moments and reactions in the same example, when the 
uniform load of 2 tons per foot covers the central span, with only 1 ton per 
foot upon the side spans. (I.C.E., Oct., 1904.) 

11. A parabolic arched rib of steel is hinged at each end, but not at the 
crown. The centre line coincides with its neutral axis. Supposing 
the abutments to be immovable, what kind of bending stress will be 
induced by a change of temperature ? and how will it be distributed ? 

(l.C.E.,Feb., 1905.) 

12. The steel cross-girder in a single line bridge spans a width of 1 5 feet, 
and carries, by a pair of stringers 5 feet apart, a rolling load of 60 tons and 
a dead load of 10 tons. Design a suitable oro.ss-section, and show how the 
shearing forces are to be borne by the riveting. (I.C.E., Feb., 1905.) 

13. A block of masonry in the form of a cube of 4 feet eidge rests on 
a wall 3 feet wide, being flush with the wall at one side, and overhanging 
1 foot at the other. If the masonry weighs 120 lbs. per cubic foot, what 
are the greatest and least intensities of pressure on the wall ? 

{I.C.E., Oct., 1905.) 

14. A suspension bridge, of 500 feet span between the centres of the 
towers, is built with a, single cable on each side of the roadway, hanging 
vertically ; the angle of the backstays is 45° ; the versed sine of the cable 
is 50 feet ; the distributed load on each cable is 1,000 tons. What is the 
tension of the cable at the centre of the span, next the towers, and in the 
backstays? (I.C.E., Oct., 1905.) 

1 5. Sketch two bowstring girders, showing the web-bracing you would 
adopt when one has to carry a steady, uniformly-distributed load, and the 
other a travelling load in addition to the dead load. Without calculating 
the actual stresses, explain the duty each member has to perform, and 
whether it is in tension or compression. (I.C.E., Oct., 1905.) 

16. A plate girder with single web, 50 feet in clear span and 5 feet deep, 
has to carry a distributed load of 200 tons. Sketch one-half the side 
elevation, showing the arrangement and dimensions of the web plate and 
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stiffenerB, showirig how the thickness of the web plate is obtained, and the 
object of the stiffeners. The top and bottom flanges need not be cal- 
culated. (I.C.E., Oct., 1905.) 

17. The flooring of a roadway bridge is laid upon square, flat plates 
I inch thick, securely riveted on all sides to strong framing 3 feet apart 
each way, the unsupported surface being thus 3 feet by 3 feet. What load 
will the plate carry at the centre, so that the unit stress shall not exceed 
6 tons per square inch ? (I. C. E. , i)ct., 1905. ) 

18. Does the weight of the backstay of a suspension bridge increase 
or relieve the pull on the anchorage ? Show how you arrive at your 
conclusion. (I. C. E. , F(b. , 1906. ) 

19. Discuss the effect of a load on a bridge when suddenly applied, such 
as a locomotive crossing at a speed of 60 miles an hour. How would the 
effect of this load compare with that of the engine when stationary, say in 
the centre of the bridge, and what allowance, if any, would you make in 
calculating the sectional areas of the various members ? 

(I.C.E., OcU 1906.) 

20. State and prove the theorem known as the Triangle of Forces. 
Calculate, otherwise than graphically, the stresses in the members AB, 




EC, AC, and C D of this truss, when a load of 500 lbs. is slung from the 
apex B, and state which are struts and which ties. (I.C.E., Feb., 1907.) 

21. An N or Pratt type of parallel girder bridge of seven bays is 140 feet 
span and 15 feet deep. The weight of the main girders works out to be 
7 ton per lineal foot, and the weight of the platform, which is carried on 
the upper flange, is 0'55 ton per lineal foot ; find the stresses due to this 
dead load in each member of the bridge, taking half the weight of the main 
girders at the top and half at the bottom joints. (I.C.E., Feb., 1907. ) 

22. If a live load of 3 tons per foot run passes over the bridge in the last 
question, find the maximum stresses in the inclined braces in the centre 
bay and in the verticals attached to them, due to it. (I.C.E., Feb., 1907. ) 

23. A suspension bridge has a span of 500 feet between the centres of the 
towers ; the cables have a dip of 50 feet at the centre ; the backstays — 
assumed to be straight — have an inclination of 45°. Neglecting the weight 
of the structure, what are the stresses in the cable at the centre, at the 
towers, and in the backstays, when a load of 30 tons ia concentrated on 
each cable (a) at the centre of the span, (6) at one-quarter the span. 

(I.C.E., Oct., 1907.) 

24. Assuming the cables in the previous question to be single, and 
continuous between the anchorages, sketch the arrangement to be adopted 
at the towers to allow for e.vtension and contraction of the cables due to 
temperature and load, and the fact of the backstay having a different 
angle from that of the cabia between the towers. (I.C.E., Oct., 1907.) 
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25. A suspension bridge of 900 feet span, with a parabolic dip of the 
cable of 50 feet, is stiffened with a girder 25 feet deep. Assuming the 
coeflBoient of expansion to be 0-000007 per 1° F. and the modulus of elas- 
ticity as 15,000 tons per square inch, what would be the change of dip with 
a rise of 60° F. , and describe the effect on the flange stress ? The girder is 
not hinged at the centre. (I.C.E., Feb., 1908.) 

26. The main girders of a bridge of 100 feet effective span are of common 
N type with vertical posts and inclined ties at an angle of 45°. There are 
ten panels in each girder. The two centre panels only are counter-braced. 
All the dia,gonal ties are unstiffened flat bars or thin plates. The bridge 
is designed to have an ample factor of safety against the normal permanent 
load of 7 tons per panel-point, together with a moving load of 12 tons per 
panel-point. What influence would an increase of 50 per cent, in the 
moving load alone have upon the safety of the diagonal ties most affected ; 
Give calculations to support your conclusions. (I.C.E., Oct., 1908.) 
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APPENDIX B.—(Contirmed.) 



AJSrSWEES TO QUESTIONS AT END OF LECTURES. 



Lectube I. — Obdinaet. 



9. 50 lbs. making an angle 31° to A D. 

10. 41 lbs. through the centre of parallelogram; 2J lbs. along the 
bar DC. 



Lectctkb I. — Inst.C.E. 



1. Supporting Forces are 17 J and 19 J lbs. 

2. 9-2 lbs. acting at an angle of 132° with the axis of x. 
6. 6 inches from the sheltered side. 



Lecture IL— Obdinaby. 



10. and 11.— 










Bar. 


Tension. 


Compression. 


Ear. 


Tension. 


Compression. 


JA 




10-6 tons. 


CN 




9-5 tons. 


JK 




0-85 „ 


NM 


1-3 tons. 




JI 


9-1 tons. 




MP 


4-4 „ 




BK 


• •• 


100 „ 


NO 




0-85 „ 


KL 


1-3 „ 




DO 




8-9 „ 


liM 




1-7 „ 


PO 


6-75 „ 




LI 


7-75 „ 

• 




PI 


3-9 „ 


... 
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Lecture III.— Inst. C.E. 
8. Pull in A B = 2,0,50 lbs. ; pull in B C = 2,400 Iba. 

I/BCTDRE IV. — Ordinary. 

2. (i.) Jib, 21 tons; tie, 9'3 tons; post (pull), 4'25 tons; and post 
(thrust), 8'5 tons, (ii.) Jib, 14 tons; tie, 2"4 tons; and post (thrust), 
8 '5 tons. 

4. Jib, 83'25 owts. ; tie, 41'5 owts. ; post (thrust), 56'25 owts. ; post 
(pull), 36'5 cwts. ; pressure on end of handle = 70'3 lbs. 

5. iJib, 33 tons ; tie, 27 tons ; back stay, 33 tons ; counterbalance, 
24 tons. 

6. 35 tons and 49} tons. 

8. Case 1 — compression in jib = 33} tons, tension in tie-rod = 27} tone, 
Case 2 — compression in jib = 36} tone, tension in tie-rod = 23 tons. 



Lecture IV.— Inst.O.E. 

1. Back stay = 1 unit, each leg = -9 unit. 

2. Stress in A C = 12} tons ; stress in A B = 16 tons. 

3. Stress in A C = 8'9 tons, and stress in B = 16 tons. 

6. BW = 7-5owts. 

7. (a) Tension in tie, zero; thrust in jib, 7*1 tons. (6) (i.) Thrust in 
upper bar, 1'5 tons; and in jib, 3 '5 tons, (ii.) Thrust in upper bar, 
3'5 tons; and jib, 8 '6 tons, 

8. Stress in each leg = 4 tons. 

9. Pull at top bearing == | ton per ton of load ; resultant force on 
bottom bearing = IJ tons by measurement ; stress in jib = 2J tons, 
and stress in tie = f ton. 



Lecture V. — Ordinary. 

11. Reaction at A ^^ 4-6 tons, and reaction at E = 5 4 tons. 

14. Maximum BM, 260 foot-tons, and is directly under the trailing 
axle of the locomotive. Maximum shearing force occurs at the left-hand 
pier, and is equal to 28 tons. 



Lecture V. — Inst.O.E. 

1. Thrust in top boom of second bay from the left end = 35^ tons. 
Stress in lower boorif of second bay from the left end = 37 tons. 

2. Maximum BM = 1,757H ton-feet. 
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10. The centre of gravity is moved through ^5 foot. 



Keactlons. 


Bars In Compression. 


Bars in Tension. 


At C = 36 lbs. 
„ D = 64 „ 


Stress in A D = 124 lbs. 
AB= 75 „ 
BC= 45 „ 


Stress in D B = 60 lbs. 
„ DC = 27 „ 



13. 4'6 inches from lower side of bottom flange. 

15. 6 '35 inches from bottom flange. 

17.— 



Bar. 


Stress in lbs. 


Bar. 


Stress in lbs. 


BF 
FA 
CG 
GF 
GH 
HA 


( + ) 12,750 
(-) 9,000 
( + ) 11,750 
(-) 3,600 
(-) 2,200 
(-) 9,750 


DK 
KH 
EL 
LA 
LK 


( + ) 11,750 
(-) 2,200 
( + ) 12,750 
(-) 9,000 
(-) 3.600 



21. Pressure at each end of girder 
support of girder — 125 tons. 



37*5 tons. Pressure on middle 



Lecture VL — Obdinaby. 



400 lbs. At centre. 



S F = 600 lbs. At 2 feet from wall. 
At 4 feet from wall, B M = 200 Ib.- 



4. At wall, B M = - 2,000 lb: -feet; SF 
B M = - 1,000 lb. -feet ; S F = - 400 lbs. 

5. B M at fixed end = - 168 ton-feet ; B M at 9 feet from fixed end 
= - 36 ton-feet. 

6. At wall, BM = 1,800 lb. -feet; 
B M = 800 lb. -feet ; S F = 400 lbs. 
feet; SF = 2001bs. 

8. B M„ = - 150 ton - feet ; S F,, = 10 tons. B M^ = 90 ton - feet ; 
S Fg = 10 tons. B Mj = - 70 ton-feet ; S Fg = 10 tons, 
feet ; S Fjj = 8 tons. B Mja = 2 ton-feet ; S F^ = 2 tons. 

10. B M5 = 7IJ ton-feet ; S Fj = - 94 tons. B Mjo = 118f ton-feet ; 

Fio = -3§tons. BM2o= . ~_ . 

ton-feet ; S Fj,, = -H 3| tons. 

IL B Ms = 93i ton-feet; S Fg = 15 tons. BMi„ = 150 ton-feet ; SFj, 
= 7i tons. B Mi5 = 168f ton-feet ; S Fjj = ton. 

13. B Ml, = 140-4 ton -feet; BM30 = 189 ton - feet ; maximum BM 
= 208 '85 ton-feet, and occurs at the point 23 '7 feet from the left abutment. 

14. MaximumB]M = 2,654-2owt.-feet; BMo =2,635 cwt. -feet; maximum 
B M is 23 feet from left abutment. 
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Lbcthrb VII.— Ordinary. 

1. BMc = + 5J ton-feet; BMn = -40 ton-feet; BM at point midway 
between A and B = -l-,4 ton-feet ; B M at 2 feet fiom fixed end = +5"2 ton- 
feet and S F = - -66 ton ; B M at 2 feet from free end = - 10 ton-feet and 
SF = -5tons. 

2. BM at B = - 80 ton-feet ; BM at centre C = - 4 ton-feet ; BM at 
5 feet from A = -l- 1 J ton-feet. 

4. B M at centre = - 5J lb. -feet ; S F at centre = - 2^ Iba. 

5. B Ma = - 40 ton-feet ; B Mb = - 72 ton-feet ; B Mo = - 6 ton-feet 

6. B Ma = - 40 ton-feet ; B Mb = - 72 ton-feet ; B Mc =- -f 42 ton-feec. 

9. B M at each end = - 25 ton-feet ; B M at centre => ■) 25 ton-feet ; 
B M, 2 feet, = - 5 ton-feet ; B M, 6 feet, =+5 ton-feet 

10. Points of contrary flexure are 6"33 feet from each end ; B Ma = B Mb 
= - 15 ton-feet ; B Mo = -f 7 '5 ton-feet ; B Mj ft. = -t- 6 ton-feet. 



ANSWERS TO QUESTIONS IN APPENDIX B. 



Lecture VIII. — Inst.C.E. 

1. Max. tensionin each chain = 23 '9 tons ; pressure on pier = 42'85 tons. 
3. Deflection = 2-4 inches. 

5. B M at centre of middle span = 5,625 ton-feet. 

14. Horizontal tension of cable at centre of span = 1,250 tons ; tension 
next towers = 1,345 tons ; tension in back stays = 1,893'3 tons. 
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THE INSTITUTION OF CIVIL ENGINEERS' 
EXAMINATION, FEBRUARY, 1909. 



ELECTION OF ASSOCIATE MEMBERS. 



THEORY OF STRUCTURES. 
Not more than bight qviestions to be attempted by any Candidate. 

1. Describe the various modes of failure to be guarded against in design- 
ing a simple plate-girder railway bridge with platform between the lower 
flanges of the main girders. 

2. What are the conditions necessary for complete fixity of ends in a 

girder spanning a single opening? Are 
these conditions ever realised in prac- 
tice? Indicate a method by which 
Buch fixity could be ensured. 

3. In the case of a cylindrical 
column, describe the influence of the 
following factors upon its strength : — 
(a) Length in relation to diameter, 
(6) end conditions as affecting free 
length, (c) compressive strength of 
material used in the column (compare 
cast iron with mild st«el), (rf) elastic 
stiffness of the material (compare cast 
iron with mild steel). 

4. What is a "factor of safety"? 
Explain fully what it covers in the 
case of (a) a steel lattice girder, (6) a 
masonry arch, (c) a steam boiler, 
{d) a wire rope. 

5. The centre line of a wall is 2 feet 
from a given boundary. The load on 
the footing is 10 tons per lineal foot of 
wall. The footing first proposed was 
4 feet wide, as shown in Fig. 1. To 
reduce the unit - pressure on the 
foundation it was proposed to widen 
the footing to SJ feet, as indicated by 




Fig. 1. 



dotted lines. Determine the distribution an^ intensities of pressure for 
the two cases. 
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6. In Fig. 2 is shown a portion (not half) of a framed girder. Calculate 




I 



Fig. 2. 

the stresses in the top boom and bottom boom and web diagonal out by 
the dotted line X X. 

7. The five-panel girder shown in Fig. 3 carries a load, W, at 36 feet 



I-- i2n — »._"-;2«i. 4--»2ft --l--izn--ji>-- -i2rt-4 




Eg. 3. 



from left abutment. The stress in every member is 5 tons per square inch. 
(Jaloulate the deflection of the girder at the point of application of load. 
What amount of that deflection is due to web members ? Assume the 
modulus of elasticity to be 10,000 tons per square inch. 

8. A continuous gantry girder of uniform section consists of three spans 
of 48 feet each. The extreme ends are anchored down to prevent uplift. 
A load of 10 tons is imposed at the middle of the central span. Determine 
the bending moments at the middle of the central span and over each 
support. Neglect the weight of girder itself. 

9. Describe with sketches the nature of the secondary stresses induced 
in the members of a common N girder when subjected to load. 

10. The cables of a suspension bridge have a span of 300 feet, and a dip 
of 30 feet. The back stays behind each tower are inclined at 45° to the 
vertical. The load on the suspended span of 300 feet is 2 tons per lineal 
foot, inclusive of structure. What is the vertical load on each tower ? 
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11. The rectangular frame (Fig. 4), A B C D, projects from a rigid wall, 
and carries a load of W tons at C. It is strengthened by adding the 
dotted diagonal, A C. Each member (inclusive of the new diagonal) has a 




VNIms 



Fig. 4. 

section of 10 square inches. The modulus of elasticity is 10,000 tons per 
square inch. Calculate the load on the bar B C in terms of W after the 
strengthening. 

12. A circular brick chimney, weighing 120 tons, is 100 feet high '•ui 
10 feet uniform external diameter. The internal diameter at the base is 
6 feet. Assuming a basis wind -pressure of 28 lbs. per square foot on a flat 
surface, calculate the maximum and minimum intensities of pressure on 
the br.'ckwork in tons per squar3 foot at the base section. 



THE INSTITUTION OF CIVIL ENGINEERS' 
EXAMINATION, OCTOBER, 1909. 



ELECTION OF ASSOCIATE MEMBERS. 



THEORY OF STRUCTURES. 

Not more than bight qiiestions to be attempted hy any Candidate 

1. Describe the "Method of Seetiona," and by this principle ascertain 
the stresses in the bars A B, A C, B C of the frame shown in the figure. 




2. A beam 25 feet long is supported at one end and at a point 5 feet from 
the other end ; it is loaded with a distributed load of 10 cwts. per foot run, 
and has a load of 5 tons suspended from the end of the overhanging portion 
of the beam. What is the pressure on the supports, and the amount and 
position of the maximum bending moment? Draw a diagram of the 
bending moments and shearing forces. 

3. A strut .SO feet long is constructed of two channel bars 15 inches x 4 
inches, braced together with diagonal angle bars 3 inches x 3 inches x J 
inch (see Fig. on next page). Find the distance marked x, so that the ratio 

- of this length unsupported between the bracing bars does not exceed 

60 per cent, of the — of the whole column. The maximum moment of 

inertia of the channel bar is 377 inch-units and the minimum is 14. The 
centre of gravity is 1 inch from back of channel. . Area of channel = 12 
square inches, I = length of column, r = radius of gyration. 
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4. Sketch and dimension two types of movable bearings for the ends of 
straight girder bridges, assuming the load on the bearing to be 50 tons. 

5. Sketch and dimension the joint of boom and bracing bars of a braced 
girder bridge, as shown in the figure. The top boom consists of two 
channel bars 15 inches x 4 inches x | inch, placed 9 inches apart back to 
back ; the verticals consist of two channel bars 10 inches x 4 inches x 4 inch, 
and the diagonal tension bars consist of two fiat bars 7 inches x J inch. 




Pig. for Question 3. 



jr?Z.Z 15 '^'TVa 








Fig. for Question 5. 



6. A strut or column 10 feet long consists of two T bars 5 inches x 2i 
inches x \ inch riveted together back to back ; adopting the fomiula 

P = 6 - rs: - as the allowable stress per square inch on the column, what 



40 r 



load will the column stand so as not to exceed this stress ? Asenme 



the 
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corners of the T bars to be rectangular and the sides parallel. What do 

you consider the maximum - ratio allowable ? I = length of column, 
r = radius of gyration. *" 

7. Compare the respective advantages and disadvantages of the two 
types of bascule bridges known as the " Trunnion " and the " Scherzer 
rolling lift bascule." 

8. Describe two methods of stiffening the deck of a suspension bridge 
from vertical oscillations, and state the advantages and disadvantages 
of each. 

9. The central portion of a cantilever bridge is being lifted into position, 




V^2o'o^i^ZO.O-^20. O-Vfi-ZO.O-M-ZO. O-^ZO. 0-4 

as shown in the figure. Neglecting inertia and friction, what is the stress 
in the member marked A, the suspended load on the tackle being 60 tons ? 

10. The dock gates of a 60-foot entrance are segmental in plan, having 
a versed sine of 6 feet. With a depth of water of 20 feet, what is the 
pressure on a strip 12 inches wide vertically on the hollow quoins and at 
the jointing of the gates, the centre of the strip to be at a distance of 5 feet 
from the bottom ? Assume weight of water to be 64 lbs. per cubic foot. 

11. Give a riswme of the results of Wohler's or similar experiments on 
repeated application of a load, and state how these results affect the 
designing of girder bridges. 

12. A concrete dam is triangular in section and is built of stone, having 
a density 2-24 compared with water. What must be the thickness of the 
dam at a depth of 30 feet, if the line of resultant pressure is to cut the 
section at a distance of two-thirds of its breadth from the vertical inner 
face, with a full head of water ? What is the pressure on the toe of the 
dam on opposite side of reservoir when the dam is empty, assuming the 
pressure on the bed to be uniformly varying? 
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THE INSTITUTION OF CIVIL ENGINEERS' 
EXAMINATION, FEBRUARY, 1910. 



ELECTION OF ASSOCIATE MEMBERS. 



THEOBY OF STRUCTURES. 
Not more than eight questions to he ottenvpted by any Candidate. 

1. A continuous girder, of length L, rests upon four supports on the same 
level, the spans being equal. A load, W, is placed on the centre of each 
span ; find the pressure on each of the supports, and draw the diagrams 
of the bending moments and shearing stresses. A hinge to be placed at 
a point one-ninth of the span on the abutment side of the centre piers ; 
but no hinge in central span. 

2. A suspension bridge has a span of 300 feet between the centre of the 
towers, the dip of the cable being 30 feet ; the backstays are anchored at 
a point 100 feet from the centre of the tower, and 50 feet below the cable 
at the top of the towers. The dead load is equal to 1 ton per foot run on 
each cable. What is the vertical pressure on the piers ; and what are tho 
stresses in the cable at the centre of the span, at the top of the piers, and 
in the backstays ? 

3. In a suspension bridge as described in Question No. 2, sketch the 
plans generally adopted for making the action of the load on the top of the 
piers vertical, stating the necessary conditions to attain this object. 

4. A steel column is constructed of the following section, as shown in 

the figure, consisting of two 
channel bars, 12 inches by 
3J inches by 26"1 lbs., spaced 
4 inches apart, back to back, 
and plated, with 12-inch by 
i-inch plates. Adopting the 

formula P = 6 — -n; - as 
40 r 
"1/ the allowable stress per 
square inch on the column, 
find the load on a column 
20 feet long which will not 
exceed this stress. Sectional 
area of channel bar = 7'6 
square inches. Moment of 
inertia, la, = 7-5, ly = 158. 

The distance of the centre of gravity from back of channel is 0-8 inch. 

I. = length of column, r = radius of gyration. 

5. Adopting the channel bars described in the above Question No. 4, 
calculate the distance between the backs of the channel bars so that the 



'2 Plate 



•/2'<3^z'Z6/bs. 
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of 15 feet, being well built in at the ends. It supports a wall of brickwork 
20 feet high, 27 inches thick. A cubic foot of brickwork weighs 112 lbs. 
Draw the diagram of bending moment ; what is the greatest bendmg 
moment ? (B. of E., S. 2, Div. a, 1910.) 

44. Choose any three forces not meeting at a point and not parallel to 
one another. Show how we find, graphically, their resultant or their 
equilibrant. (B. of E., S. 2, Div. a, 1910.) 

45. Consider a high house of residential flats ; the total horizontal section 
S of all the walls just below a floor, at a height h above the ground, gets 
less as h is greater. Why is this, and state the roughly correct law that 
connects S and ft ? (B. of B., S. 2, Div. o, 1910.) 



STAGE 3. 

You must not attempt more than eight questions in all, including Nos. 51 
and 52 — that is to say, although 51 and 52 are not compulsory, you are not 
allowed to take more than six questions in addition to Nos. 51 and 52. 

53. Each of the legs of a pair of sheer legs is 45 feet long ; they are spread 
out 23 feet at their base. The length of the back-stay is 60 feet. If a 
load of 40 tons is being lifted at a distance of 15 feet, measured in a per- 
pendicular line from the line joining the feet of the two legs, find the forces 
in the legs and in the back-stay due to this load. 

(B. of E., S. 3, Div. a, 1910.) 

54. Concrete exerts on earth at the bottom of a trench a downward pressure 
of 2 tons per square foot ; the earth weighs 130 lbs. per cubic foot, and 
its angle of repose (in Rankine's theory) is 30° ; what is the least saf& 
depth below the earth's natural surface of the bottom of the concrete ? 
Why are we unable to make much practical use of the theory of earth 
pressure ? (B. of E., S. 3, Div. a, 1910.) 

56. How do we find the stress everywhere in the cross-section of a flying 
buttress or revetment wall or arched rib, given the resultant of all the 
forces which act on the structure on one side of the section ? Prove your 
method to be correct. (B. of E., S. 3, Div. a, 1910.) 

57. A uniform beam, 30 feet long, fixed at the ends, has a load of 20 tons 
spread uniformly along it. It has also two loads of 5 tons each hung from 
points which are 10 feet from the ends. What is the bending moment 
everywhere, and what is its greatest value ? (B. of E., S. 3, Div. a, 1910.) 

59. A number of forces in a plane not meeting in a point. Treating them 
graphically, what is the condition of equilibrium ? Prove your statement 
to be correct B. of E., S. 3, Div. a, 1910.> 
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EXAMINATION TABLES. 

USEFUL CONSTANTS. 
1 Inch = 25-4 millimetres. 

1 Gallon = -1605 cubic foot = 10 lbs. of water at 62° F. . • . 1 lb. = -01605 
cubic foot. 

1 Knot = 6080 feet per hour. 1 Naut = 6080 feet. 

Weight of 1 lb. in London = 445,000 dynes. 

One pound avoirdupois = 7000 grains = 453-6 grammes. 

1 Cubic foot of water weighs 62 -3 lbs. 

1 Cubic foot of air at 0° C. and 1 atmosphere, weighs -0807 lb. 

1 Cubic foot of Hydrogen at 0° C. and 1 atmosphere, weighs -U0557 lb. 

1 Foot-pound = 1'3562 x 10' ergs. 

1 Horse-power-honr = 33000 x 60 foot-pounds. 

1 Electrical unit = 1000 watt-hours. 

Joule's Equivalent to suit Regnanlt's H, is LH* "'jbs' = 1 Cent ""*" 

1 Horse-power = 33000 foot-pounds per minute = 746 watts. 

Volts X amperes = watts. 

1 Atmosphere = 14-7 lb. per square inch = 2116 lbs. per square foot = 
760 m.m. of mercury = 10' dynes per sq. cm. nearly. 

A Column of water 2-3 feet high corresponds to a pressure of 1 lb. per 
square inch. 

Absolute temp., t = 6° C. + 273°-7. 

Reguault's H = 606-5 + -305 6° 0. = 1082 -1- -305 8° ff. 

_ „ 1.06J6 _ 479 

BO 

log „i> =6-1007 -J --p. 

where log „B = 3-1812, log „0 = 5-0871, 

p is in pounds per square inch, t is absolute temperature CentigradCj 
M is the volume in cubic feet per pound of steam. 

. = 3-1416=f = § = 10(^3-72)- 

One radian = 57*3 degrees. 

To convert common into Napierian logarithms, multiply by 2 -3026. 

The base of the Napierian logarithm is e — 2-7183. 

The value of g at London = 32 182 feet per secoud per second. 



222 



APPKNDIX D. 
TABLE OF LOGARITHMS. 




APPKNDIX D. 



223 



TABLE OP LOGARITHMS.— OoBifroMed. 








1 


2 


3 


4 


5 


6 


7 


8 


9 


1 2 3 


4 5 6 


7 8 9 


65 


7404 


7412 


7419 


7427 


7435 


7443 


7451 


7459 


7468 


7474 


12 2 


3 4 6 


5 6 7 


66 

67 
68 

69 
60 
61 


7482 
7659 
7634 


V490 
7568 
7642 


7497 
7574 
7649 


7506 
7582 
7657 


7513 
7689 
7664 


7520 
7697 
7672 


7628 
7604 
7679 


7536 
7612 
7688 


7643 
7619 
7694 


7561 
7627 
7701 


12 2 
12 2 
112 


3 4 5 
3 4 5 
3 4 4 


6 6 7 
5 6 7 
5 6 7 


7709 
7782 
7863 


7716 
7789 
7860 


7723 
7796 
7868 


7731 
7803 
7876 


7738 
7810 
7882 


7745 
7818 
7889 


7762 
7825 
7896 


7760 
7832 
7903 


7767 
7839 
7910 


7774 
7846 
7917 


112 
112 
112 


3 4 4 
3 4 4 
3 4 4 


5 6 7 

5 6 6 

6 6 6 


62 
63 
64 


7924 
7993 
8062 


7931 
8000 
8069 


7938 
8007 
8076 


7945 
8014 
8082 


7962 
8021 
8089 


7969 
8028 
8096 


7966 
8035 
8102 


7973 
8041 
8109 


7980 
8048 
8116 


7987 
8055 
8122 


112 
112 
112 


3 3 4 
3 3 4 
3 3 4 


5 6 6 

6 6 6 
6 5 6 


66 


8129 


8136 


8142 


8149 


8156 


8162 


8169 


8176 


8182 


8189 


112 


3 3 4 


5 5 6 


66 
67 
68 


8195 
8261 
8325 


8202 
8267 
8331 


8209 
8274 
8338 


8215 
8280 
8344 


8222 
8287 
8361 


8228 
8293 
8357 


8236 
8299 
8363 


8241 
8306 
8370 


8248 
8312 
8376 


8254 
8319 
8382 


112 
112 
112 


3 3 4 
3 3 4 
3 3 4 


6 6 6 
5 6 6 
4 6 6 


69 
70 
71 


8388 
8461 
8613 


8395 
8457 
8519 


8401 
8463 
8625 


8407 
8470 
8531 


8414 
8476 
8537 


8420 
8482 
8543 


8426 
8488 
8649 


8432 
8494 
8565 


8439 
8500 
8561 


8445 
8506 
8567 


112 
112 
112 


2 3 4 
2 3 4 
2 3 4 


4 6 6 
4 5 6 
4 6 5 


72 
73 
74 


8573 
8633 
8692 


8579 
8639 
8698 


8685 
8645 
8704 


8691 
8661 
8710 


8597 
8667 
8716 


8603 
8663 
8722 


8609 
8669 
8727 


8615 
8675 
8733 


8621 

8681 
8739 


8627 
8686 
8746 


112 
112 
112 


2 3 4 
2 3 4 
2 3 4 


4 5 5 
4 5 6 
4 6 5 


76 


8761 


8756 


8762 


8768 


8774 


8779 


8786 


8791 


8797 


8802 


112 


2 3 3 


4 6 6 


76 

77 
78 


8808 
8865 
8921 


8814 
8871 
8927 


8820 
8876 
8932 


8825 
8882 
8938 


8831 
8887 
8943 


8837 
8893 
8949 


8342 
8899 
8954 


8848 
8904 
8960 


8854 
8910 
8965 


8859 
8916 
8971 


112 
112 
112 


2 3 3 
2 3 3 
2 3 3 


4 6 6 
4 4 6 
4 4 6 


79 
80 
81 


8976 
9031 
9085 


8982 
9036 
9090 


8987 
9042 
9096 


8993 
9047 
9101 


8998 
9053 
9106 


9004 
9058 
9112 


9009 
9063 
9117 


9015 
9069 
9122 


9020 
9074 
9128 


9025 
9079 
9133 


112 
112 
112 


2 3 3 
2 3 3 
2 3 3 


4 4 5 
4 4 5 
4 4 5 


82 
83 

84 


9138 
9191 
9243 


9143 
9196 
9248 


9149 
9201 
9263 


9154 
9206 
9258 


9159 
9212 
9263 


9165 
9217 
9269 


9170 
9222 
9274 


9175 
9227 
9279 


9180 
9232 
9284 


9186 
9238 
9289 


112 
112 
112 


2 3 3 
2 3 3 
2 3 3 


4 4 6 
4 4 6 
4 4 6 


85 


9294 


9299 


9304 


9309 


9316 


9320 


9325 


9330 


9336 


9340 


112 


2 3 3 


4 4 6 


86 
87 
88 


9345 
9395 
9445 


9350 
9400 
9450 


9365 
9406 
9456 


9360 
9410 
9460 


9366 
9416 
9465 


9370 
9420 
9469 


9376 
9426 
9474 


9380 
9430 
9479 


9385 
9436 
9484 


9390 
9440 
9489 


1 1 2 
Oil 
Oil 


2 3 3 
2 2 3 
2 2 3 


4 4 6 
3 4 4 
3 4 4 


89 
90 
91 


9494 
9542 
9590 


9499 
9547 
9695 


9504 
9552 
9600 


9509 
9567 
9605 


9513 
9562 
9609 


9618 
9666 
9614 


9523 
9571 
9619 


9528 
9676 
9624 


9533 
9581 
9628 


9638 
9636 
9633 


Oil 
Oil 
Oil 


2 2 3 
2 2 3 
2 2 3 


3 4 4 
3 4 4 
3 4 4 


92 
93 
94 


9638 
9685 
9731 


9643 
9689 
9736 


9647 
9694 
9741 


9652 
9699 
9746 


9667 
9703 
9760 


9661 
9708 
9754 


9666 
9713 
9759 


9671 
9717 
9763 


9675- 
9722 
9768 


9680 
9727 
9773 


Oil 
Oil 
Oil 


2 2 3 

2 2 3 
2 2 3 


3 4 4 
3 4 4 
3 4 4 


96 


9777 


9782 


9786 


9791 


9796 


9800 


9806 


9809 


9814 


9818 


Oil 


2 2 3 


3 4 4 


96 
97 
98 


9823 
9868 
9912 


9827 
9872 
9917 


9832 
9877 
9921 


9836 
9881 
9926 


9841 
9886 
9930 


9845 
9890 
9934 


9860 
9894 
9939 


9854 
9899 
9943 


9859 
9903 
9948 


9863 
9908 
9962 


Oil 
Oil 
Oil 


2 2 3 
2 2 3 
2 2 3 


3 4 4 
3 4 4 
3 4 4 


99 


9956 


9961 


9965 


9969 


9974 


9978 


9983 


9987 


9991 


9996 


Oil 


2 2 3 


3 3 4 
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TABLE OF ANTILOGARITHMS. 








1 


2 


3 4 


5 


6 7 j 


8 


9 


1 2 3 


4 5 6 


7 8 9 


•00 


looo 


1002 


1005 


1007 


1009 


1012 


1014 


1016 


1019 


1021 


1 


111 


2 2 2. 


■01 
■02 
■03 


1023 
1047 
1072 


1026 
1060 
1074 


1028 
1062 
1076 


1030 
1054 
1079 


1033 

1057 
1081 


1035 
1059 
1084 


1038 
1062 
1086 


1040 
1064 
1089 


1042 
1067 
1091 


1045 
1069 
1094 


1 
1 
1 


111 
111 
111 


2 2 2 
2 2 2 

2 2 2 


■04 
•05 
•06 


1096 
1122 
1148 


1099 
1125 
1151 


1102 
1127 
1163 


1104 
1130 
1166 


1107 
1132 
1159 


1109 
1135 
1161 


1112 
1138 
1164 


1114 
1140 
1167 


1117 
1143 
1169 


1119 
1146 
1172 


oil 
oil 
oil 


112 
112 

112 


2 2 2 
2 2 2 
2 2 2 


■07 
■08 
■09 


1175 
1202 
1230 


1178 
1205 
1233 


1180 
1208 
1236 


1183 
1211 
1239 


1186 
1213 
1242 


1189 
1216 
1246 


1191 
1219 
1247 


1194 
1222 
1250 


1197 
1225 
1253 


1199 
1227 
1256 


oil 
oil 
oil 


112 
112 
112 


2 2 2 
2 2 3 
2 2 3 


■10 


1269 


1262 


1265 


1268 


1271 


1274 


1276 


1279 


1282 


1285 


oil 


112 


2 2 3 


■11 
■12 
■13 


1288 
1318 
1349 


1291 
1321 
1352 


1294 
1324 
1355 


1297 
1327 
1368 


1300 
1330 
1361 


1303 
1334 
1365 


1306 
1337 
1368 


3309 
1340 
1371 


1312 
1343 
1374 


1315 
1346 
1377 


oil 
oil 

oil 


12 2 
12 2 

12 2 


2 2 3 
2 2 3 
2 3 3 


•u 

•15 
•16 


1380 
1413 
1445 


1384 
1416 
1449 


1387 
1419 
1452 


1390 
1422 
1455 


1393 
1426 
1469 


1396 
1429 
1462 


1400 
1432 
1466 


1403 
1435 
1469 


1406 
1439 
1472 


1409 
1442 
1476 


oil 
oil 
oil 


12 2 
12 2 
12 2 


2 3 3 
2 3 3 
2 3 3 


•17 
•18 
■19 


1479 

1514 
1549 


1483 
1617 
1562 


1486 
1621 
1566 


1489 
1524 
1660 


1493 
1528 
1563 


1496 
1531 
1667 


1500 
1535 
1570 


1503 
1538 
1574 


1507 
1642 
1678 


1610 
1646 
1681 


oil 
oil 
oil 


12 2 
12 2 
12 2 


2 3 3 

2 3 3 

3 3 3 


■20 


1685 


1589 


1692 


1696 


1600 


1603 


1607 


1611 


1614 


1818 


oil 


12 2 


3 3 3 


■21 
■22 
■23 


1622 
1660 
1698 


1626 
1663 
1702 


1629 
1667 
1706 


1633 
1671 
1710 


1637 
1675 
1714 


1641 
1679 
1718 


1644 
1633 
1722 


1648 
1687 
1726 


1652 
1690 
1730 


1656 
1694 
1734 


oil 
oil 
oil 


2 2 2 
2 2 2 
2 2 2 


3 3 3 
3 3 3 
3 3 4 


■24 
■25 
■26 


1738 
1778 
1820 


1742 
1782 
1824 


1746 
1786 
1828 


1750 
1791 
1832 


1764 
1795 
1837 


1768 
1799 
1841 


1762 
1803 
1845 


1766 

1807 
1849 


1770 
1811 
1854 


1774 
1816 
1868 


oil 
oil 
oil 


2 2 2 
2 2 2 
2 2 3 


3 3 4 
3 3 4 
3 3 4 


■27 
■28 
■29 


1862 
1905 
1960 


1866 
1910 
1954 


1871 
1914 
1959 


1875 
1919 
1963 


1879 
19^23 
1968 


1884 
1928 
1972 


1888 
1932 
1977 


1892 
1936 
1982 


1897 
1941 
1986 


1901 
1945 
1991 


oil 
oil 
oil 


2 2 3 
2 2 3 
2 2 3 


3 3 4 
3 4 4 
3 4 4 


■30 


1995 


2000 


2004 


2009 


2014 


2018 


2023 


2028 


2032 


2037 


oil 


2 2 3 


3 4 4 


■31 
■32 
■33 


2042 
2089 
2133 


2046 
2094 
2143 


2061 
2099 
2148 


2056 
2104 
2163 


2061 
2109 
2158 


2065 
2113 
2163 


2070 
2118 
2168 


2075 
2123 
2173 


2080 
2128 
2178 


2084 
2133 
2183 


oil 
oil 
oil 


2 2 3 
2 2 3 
2 2 3 


3 4 4 
3 4 4 
3 4 4 


•34 
■35 
•36 


2188 
2239 
2291 


2193 
2244 
2296 


2198 
2249 
2301 


2203 
2264 
2307 


2208 
2269 
2312 


2213 
2265 
2317 


2218 
2270 
2323 


2223 
2275 
2328 


2228 
2280 
2333 


2234 
2286 
2339 


112 
112 
112 


2 3 3 
2 3 3 
2 3 3 


4 4 5 
4 4 5 
4 4 5 


■37 
■33 
■39 


2344 
2S99 
2455 


2350 
2404 
2460 


2355 
2410 
2466 


2300 
2415 
2472 


2306 
2421 
2477 


2371 
2427 
2483 


2377 
2432 
2489 


2382 
2438 
2495 


2388 
2443 
2500 


2393 
2449 
2506 


112 
112 
112 


2 3 3 
2 3 3 
2 3 3 


4 4 6 
4 4 6 
4 5 6 


■40 


2512 


2518 


2523 


2529 


2536 


2541 


2547 


2553 


2559 


2504 


112 


2 3 4 


4 5 6 


■41 
■42 
■43 

•44 
■46 
■46 


2570 
2630 
2692 


2576 
2636 
2698 


2682 
2642 
2704 


2588 
2649 
2710 


2594 
2655 
2710 


2600 
2661 
2723 


2606 
2067 
2729 


2612 
2673 
2735 


2618 
2679 
2742 


2624 
26S6 
2748 


112 
112 
112 


2 3 4 

2 3 4 

3 3 4 


4 5 5 
4 5 6 
4 5 6 


2764 
2818 
2884 


2761 2767 
2825 2831 
2891 2897 


2773 
2838 
2904 


2780 
2844 
2911 


2786 
2851 
2917 


2793 
2S58 
2924 


2799 
2864 
2931 


2S06 
2871 
2938 


2812 
2877 
2944 


112 
112 
112 


3 3 4 
3 3 4 
3 3 4 


4 5 6 

5 5 6 
5 5 6 


•47 
■48 
■49 


2901 
3020 
3090 


2958 
3027 
3097 


2965 
3034 
3105 


2972 
3041 
8112 


2979 
8048 
3119 


2985 
3055 
3126 


2992 
3062 
3133 


2999 
3069 
3141 


3006 
3076 
3148 


3013 
3083 
3155 


112 
112 
112 


3 3 4 
3 4 4 
3 4 4 


5 5 6 
5 6 6 
5 6 6 
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TABLE OF ANTILOGARITHMS.— CoKhnMed. 








1 


2 


3 4 5 


6 1 7 


8 


9 


1 2 3 


4 5 6 


7 8 9 


•60 


3162 


3170 


3177 


3184 


3192 


8199 


3206 


8214 


3221 


3223 


112 


3 4 4 


6 6 7 


•61 
•62 
•63 


3236 
3311 
3383 


3243 
8319 
3396 


3251 
3327 
3404 


3258 
3334 
3412 


3266 
3420 


8273 
8350 
3428 


3281 
3367 
3436 


8289 
8366 
3443 


3296 
3373 
3461 


3304 
3381 
3469 


12 2 
12 2 
12 2 


3 4 5 
3 4 5 
3 4 5 


6 6 7 
6 6 7 
6 6 7 


•64 
•65 
•86 


8467 
8643 
3631 


3476 
3656 
3639 


3483 
3566 
3648 


3491 
3673 
3656 


3499 
3681 
8664 


3608 
3689 
3673 


3616 
3697 
8681 


8524 
3606 
3690 


8632 
8614 
8693 


3640 
8622 
8707 


12 2 
12 2 
12 3 


3 4 6 
3 4 6 
3 4 6 


6 6 7 
6 7 7 
6 7 8 


•67 
•68 
•69 


3715 
3802 
3890 


8724 
8811 
8899 


3733 
3819 
3908 


3741 
8828 
3917 


S750 
3837 
8926 


8768 
8846 
8936 


3767 
3855 
3946 


8776 

8864 
3964 


8784 
8873 
3963 


8793 

8882 
3972 


12 3 
12 3 
12 3 


3 4 6 

4 4 6 
4 6 6 


6 7 8 
6 7 8 
6 7 8 


•60 


3981 


8990 


3999 


4009 


4018 


4027 


4036 


4046 


4065 


4064 


12 8 


4 6 6 


6 7 8 


•61 
•62 
•63 


4074 
4169 
4266 


4083 
4178 
4276 


4093 
4188 
4286 


4102 
4198 
4295 


4111 
4207 
4305 


4121 
4217 
4315 


4130 
4227 
4326 


4140 
4236 
4335 


4160 
4246 
4346 


4159 
4256 
4355 


12 3 
12 3 
12 3 


4 6 6 
4 5 6 
4 6 6 


7 8 9 
7 8 9 
7 8 9 


•64 
•66 
•66 


4366 
4467 
4571 


4375 
4477 
4681 


4386 
4487 
4592 


4395 
4498 
4603 


4406 
4608 
4613 


4416 
4519 
4624 


4426 
4529 
4634 


4436 
4639 
4646 


4446 
4660 
4656 


4457 
4560 
4667 


12 3 
12 3 
12 3 


4 6 6 
4 S 6 

4 6 6 


7 8 9 
7 8 9 
7 9 10 


■67 
■68 
■69 


4677 
4786 
4898 


4688 
4797 
4909 


4699 
4808 
4920 


4710 
4819 
4932 


4721 
4831 
4943 


4732 
4842 
4955 


4742 
4853 
4966 


4763 
4864 
4977 


4764 
4875 
4989 


4775 
4387 
5000 


12 3 
12 3 
12 3 


4 5 7 

4 7 

5 6 7 


8 9 10 
3 9 10 
8 9 10 


•70 


6012 


6023 


6036 


6047 


5058 


6070 


5082 


6093 


6105 


5117 


12 4 


6 6 7 


3 9 11 


•71 
•72 
■73 


6129 
6248 
6870 


6140 
6260 
5383 


5152 
6272 
6395 


5164 
6284 
5408 


6176 
6297 
6420 


5188 
5309 
5433 


6200 
6321 
6445 


6212 
6333 
6468 


6224 
5346 
6470 


5236 
5368 
6483 


12 4 
1 2 4 

13 4 


5 6 7 

6 6 7 
8 6 8 


8 10 11 

9 10 11 
9 10 11 


■74 
•75 
•76 


6495 
6023 
5754 


6608 
6636 
5768 


5521 
5649 
6781 


6634 
6662 
6794 


6546 
6675 
6808 


6659 
6689 
6821 


6572 
6702 
6834 


6585 
6715 

6848 


6693 
67-23 
6861 


5610 
6741 
6875 


13 4 
13 4 
13 4 


6 6 3 

6 7 8 
6 7 8 


9 10 12 
9 10 12 
9 11 12 


•77 
•78 
•79 


6888 
6026 
6166 


6902 
6039 
6180 


5916 

6063 
6194 


6929 
6067 
6209 


6943 
6081 
6223 


6967 
6096 
6237 


6970 
6109 

6262 


6984 
6124 
6266 


6998 
6133 

6231 


6012 
6152 
6296 


13 4 
18 4 
13 4 


6 7 8 
6 7 8 
6 7 9 


10 11 12 
10 11 13 
10 11 13 


.•80 


6310 


6324 


6339 


6363 


6368 


6383 


6397 


6412 


6427 


6442 |l 3 4 


6 7 9 jlO 12 13 


•81 
•82 
•83 


6467 
6607 
6761 


6471 
6622 
6776 


6486 
6637 
6792 


6501 
6663 
6808 


6516 
6668 
68-23 


6631 
6683 
6839 


6546 
6699 
6866 


6661 
6714 
6871 


6677 
6730 
6837 


6592 
6745 
6902 


2 S 5 
2 3 5 
2 3 5 


6 8 9 
6 8 9 
6 8 9 


11 12 14 
11 12 14 
11 13 14 


■84 
•85 
•86 


6913 
7079 
7244 


6934 
7096 
7261 


6950 
7112 
7278 


6966 
7129 
7295 


6982 
7146 
7311 


6998 
7161 
7328 


7015 
7178 
7345 


7031 
7194 
7362 


7047 
7211 
7379 


7063 
7228 
7396 


2 3 5 
2 3 5 
2 3 5 


6 8 10 11 13 15 

7 8 10 12 13 16 
7 8 10 12 13 16 


•87 
■88 
•89 


7413 
7686 
7762 


7430 
7603 
7780 


7447 
7621 
7798 


7464 
7633 
7816 


7482 
7656 
7834 


7499 
7674 
7852 


7616 
7691 
7870 


7534 
7709 
7889 


7561 
7727 
7907 


7568 
7745 
7925 


2 3 5 
2 4 5 
2 4 5 


7 9 10 
7 9 11 
7 9 11 


12 14 16 

12 14 16 

13 14 16 


•90 1 7943 


7962 


7980 


7998 


8017 


8036 


8064 


8072 


3891 


8110 


2 4 6 


7 9 11 113 15 17 


•91 
■92 
•93 


8128 
8318 
8511 


8147 
8337 
8631 


8166 
8356 
8561 


8186 
8375 
8670 


8204 
8395 
8690 


8222 
3414 
8610 


8241 
8433 
3630 


8260 
8453 

8650 


8279 
8472 
8670 


8299 
8492 
8690 


2 4 6 
2 4 6 
2 4 6 


3 9 11 !l3 15-17 
3 10 12 ,14 15 17 
3 10 12 il4 16 18 


•94 
•95 
■96 


8710 
8913 
9120 


8730 
8933 
9141 


8760 
8964 
9162 


8770 
3974 
9183 


8790 
8996 
9204 


3310 
9016 
9226 


8831 
9036 
9247 


8361 
9067 
9268 


8872 
9078 
9290 


8892 
9099 
9311 


2 4 6 
2 4 6 
2 4 6 


3 10 12 
3 10 12 
3 1113 


14 16 18 
16 17 19 
16 17 19 


•97 
•98 
•99 


9333 
9560 
9772 


9354 
9572 
9795 


9376 
9594 
9817 


9397 
9616 
9840 


9419 
9638 
9863 


9441 
9661 
9386 


9462 
9683 
9908 


9484 
9706 
9931 


9506 
9727 
9964 


9528 
9750 
9977 


2 4 7 
2 4 7 

2 6 7 


9 11 13 
9 1113 
9 11 14 


16 17 20 
16 18 20 
16 18 20 



15 
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TABLE OF FUNCTION'S OF ANGLES. 



Angle. 






1 
















Chord. 


Sine. 


Tangent. 


Co-tangent 


Cosine. 








Degrees 


Radians. 










90» 


0° 





000 








CO 


1 


1^414 


1^5708 


1 


■0175 


■017 


•017S 


■0175 


67^2900 


•9998 


1^402 


1^6533 


89 


2 


•0349 


■035 


•0349 


■0349 


28^6363 


•9994 


1^389 


1^6369 


88 


3 


•0624 


■052 


•0623 


■0624 


190811 


•9986 


1^377 


1-5184 


87 


i 


•0698 


•070 


•0698 


•0699 


14-3007 


•9976 


1^364 


1-6010 


86 


S 


•0873 


■087 


■0872 


••0875 


11- 4301 


•9962 


1-361 


1-4835 


86 


6 


•1047 


•105 


■1046 


•1051 


9^5144 


•9945 


1-338 


1-4661 


84 


7 


•1222 


■122 


■1219 


■1228 


8^1443 


■9925 


1-325 


1-4486 


83 


8 


•1396 


■140 


•1392 


•1405 


7^1154 


■9903 


1-312 


1-4312 


82 


9 


•1671 


■157 


•1564 


•1684 


6^3138 


■9877 


1-299 


1-4137 


81 


10 


•1745 


■174 


•1736 


•1768 


5-6713 


■9848 


1-286 


1-3963 


80 


n 


•1929 


■192 


•1908 


•1944 


6^1446 


■9816 


1-272 


1^3788 


79 


12 


•2094 


■209 


•2079 


•2126 


4-7046 


■9781 


1-269 


1-3614 


78 


13 


■2269 


■226 


•2260 


•2309 


4-3315 


•9744 


1-246 


1-3439 


77 


11 


•2443 


•244 


•2419 


•2493 


4-0108 


•9703 


1-231 


1-3266 


76 


15 


•2018 


•261 


•2588 


•2679 


3-7321 


•9669 


1^218 


1-3090 


76 


16 


•2793 


•278 


•2756 


•2867 


3-4874 


•9613 


1^204 


1^2915 


74 


17 


•2967 


•296 


•2924 


•3067 


3-2709 


•9663 


l^lOO 


1^2741 


73 


18 


•3142 


•313 


•3090 


•3249 


3-0777 


•9511 


1^176 


1-2566 


72 


19 


•3316 


■330 


■3266 


•3443 


2-9042 


•9456 


1-161 


1-2392 


71 


20 


•3491 


•347 


•3420 


•3640 


2-7476 


•9397 


1147 


1-2217 


70 


21 


■3665 


•364 


■3684 


•3839 


2^6061 


•9336 


1^13S 


1^2043 


69 


22 


■3840 


■382 


■3746 


•4040 


2^4761 


•9272 


rii8 


1^1868 


68 


23 


■4014 


•399 


•3907 


•4245 


2-3669 


■9205 


1^104 


1^1694 


67 


24 


■41S0 


•416 


•4067 


•4462 


2-2460 


■9136 


1^089 


1^1619 


66 


25 


•4363 


•433 


•4226 


■4663 


2^1445 


■9063 


1-075 


11345 


65 


26 


■4538 


•460 


•4384 


■4877 


2-0503 


■8988 


1^060 


M170 


64 


37 


•4712 


•467 


•4640 


■5095 


1-9626 


■8910 


1^046 


1-0996 


63 


28 


■4887 


•4S4 


•4695 


■6317 


1-8807 


■8829 


1-080 


1^0821 


62 


29 


•6001 


•.'■01 


•4848 


■6643 


1-8040 


■8746 


I^OIS. 


1^0647 


61 


30 


•5236 


■618 


•6000 


■6774 


1-7321 


■8660 


1^000 


1^0472 


60 


31 


•5411 


•634 


•5160 


■6009 


1^6643 


■8672 


•985 


1^0297 


69 


32 


•6585 


■651 


•6299 


■6249 


1^6003 


■8480 


•970 


1^0123 


68 


33 


•5760 


•668 


■6446 


■6494 


1^5399 


•8387 


■964 


•9948 


67 


34 


■6934 


•686 


•6692 


■6746 


1^4826 


•8290 


•939 


•9774 


56 


35 


•6109 


•601 


•5736 


■7002 


1^4281 


•8192 


•923 


•9599 


65 


36 


•6283 


•618 


•6878 


■7265 


13764 


■8090 


•908 


•9425 


54 


37 


•6458 


■635 


•6018 


■7536 


1^3270 


■7986 


■892 


•9260 


53 


S8 


•6032 


•661 


■6157 


■781S 


1^2799 


•7880 


•877 


•9076 


62 


39 


•6807 


•668 


■6293 


■8098 


1^2349 


•7771 


•861 


•8901 


61 


to 


•6981 


•684 


■6428 


■8391 


1^1918 


•7660 


•845 


•8727 


50 


11 


•7156 


•700 


■6661 


■8693 


1-1604 


•7647 


•829 


•8662 


49 


t2 


•7330 


■717 


■6691 


■9004 


1^1106 


•7431 


•818 


•8378 


48 


43 


•7606 


•738 


■6820 


•9325 


1-0724 


•7314 


•797 


•8203 


47 


44 


•7679 


•749 


■6947 


•9657 


1^0365 


•7193 


•781 


•8029 


46 


45° 


•7864 


•766 


■7071 


1^0000 


1^0000 


•7071 


•766 


•7854 


46° 








Cosine. 


Co- tangent. 


Tangent. 






Radians. 


Degrees. 








Sine. 


Chord. 
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